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Important findings identified or developed during the course of this study have lead to significant changes in 
the manner shales are identified for engineering purposes and the way shale embankments are designed and 
constructed in Kentucky. For example, the concept of using the slake-durability test, as originally proposed by Franklin 
and Chandra of England to identify certain suitable and unsuitable engineering properties of shales, was first proposed 
and introduced to Kentucky during the course of this study. The first prototype of a slake-durability apparatus was 
designed and constructed at the Kentucky Transportation Center (formerly the Kentucky Transportation Research 
Program) of the University of Kentucky. Working drawings of the first prototype were provided to the Geotechnical 
Section of the Division of Materials, as well as to geotechnical, highway, civil, and mining consullanls and companies 
and other governmental units. The slake-durability test is now widely used in Kentucky to characterize and classify 
shales by the highway and mining industries. 
A special shale compaction provision was developed, adopted, and implemented during the course of this 
research study. A special research study (KHIT No. 1) sponsored by the Kentucky Department of Highways was 
initiated to evaluate the long-term aspects of the special compaction provision. Three test shale embankments were 
constructed on Ky 11. Preliminary analyses of compaction results from these test sites show that the provision was 
successful in providing required compaction. Moreover, this study demonstrated that moisture-density tests may be 
performed on shales and the results may be used to control field compaction. Also, preliminary data indicate that the 
use of 8-inch loose lifts of shales and heavy compactors, as opposed to 12-inch or larger lifts and lighter compactors, 
adds only about ten cents to the cost of a cubic yard of compacted shales. Consequently, the special compaction 
provision should continue in effect, although future evaluation and studies will continue so improvements may be 
made. 
Findings and knowiedge acquired during the course of this study were valuable in formulating and influencing 
design standards of the Alexandria-Ashland (AA) Highway in Northern Kentucky. This highway involves some 125 
miles of new construction that passes through the Kope and Crab Orchard Shales -- numerous highway embankment 
failures and cut slope failures have occurred in these geologic formations in the past. For example, some 120 
embankments on a stretch of I 75 in northern Kentucky (Kope and Fairview Formations) have been identified as 
failures requiring remedial work. Those old embankments were constructed under prior specifications that treated 
shales as rock and permitted lift thicknesses up to 3 feet. In a series of meetings held at the Division of Materials, 
personnel of the Kentucky Transportation Center discussed and made recommendations concerning four important 
general design considerations: 1) slope design, 2) compaction of shales, 3) stabilization of pavement subgrades, and 
4) drainage. For large embankments (over about 30 feet in height). it was recommended that minimum design slopes 
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of 2.5 horizontal to 1 vertical or 3 horizontal to 1 vertical be considered and the design shear strength parameters cjl' 
and c' used in slope stability analyses be set to values lower than those obtained from triaxial tests. For smaller 
embankments, slopes measuring 2 horizontal to 1 vertical might be permissible if analyses showed that they provided 
required stability. With regard to compaction, it was recommended that shales of the Kope and Crab Orchard 
Formations be compacted using heavy compactors {minumum weight of 55,000 pounds) in 8-inch loose lifts. 
Concerning subgrade construction, it was recommended that stabilization techniques be used because of the poor 
engineering properties of Kope and Crab Orchard Shales and residual soils developed from those formations. 
Hydrated lime stabilization was recommended as one alternate because of the high clay content of the shales and 
soils. Finally, it was recommended that good drainage be used at the bottom of the shale embankments to intercept 
subsurface seepage and prevent infiltration of water into the embankments. Generally, these recommendations were 
adopted. Evaluations of these criteria will be made by observing the performance of the embankments and cut slopes 
on the AA Highway. 
Methods of predicting such engineering parameters as bearing ratios of pavement subgrades and shear 
strength of compacted shales from simple inexpensive index tests -- natural water content, particle-size, and slake-
durability-- should prove valuable to highway practitioners. By using simple index tests, the practitioner may quickly 
predict the shear strength parameters cjl' and c' and bearing ratios of shales in highway cut sections as they would exist 
in a compacted state. Consequently, suitable and unsuitable shales for highway purposes may quickly be identified 
and proper use of different types of shales may be determined during the planning and design stages. 
Although slope stability of highway embankments constructed of shales is a major design consideration, long-
term settlement is also a design consideration that, if excessive, adversely affects the performance of highway 
pavements. The method of predicting long-term settlements proposed in this study should prove valuable in limiting 
settlements of shale embankments. 
Finally, this study provides a cross-sectional view of the physical and engineering properties of Kentucky 
shales and should be valuable to highway practitioners as well as those who may not be familiar with shales in 
Kentucky. However, many shales in Kentucky are similar to shales of other adjacent states. 
Reports and related papers issued under this research study are as follows: 
1. Hopkins, T. C.; and Gilpin, B. C.; 'Identification of Kentucky Shales; Research Report UKTRP-81-16, 
University of Kentucky Transportation Research Program, August 1981. 
2. Hopkins, T. C.; and Deen, R. C.; "Identification of Shales," Geotechnical Testing Journal, Vol 17, American 
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3. Hopkins, T. C.; "Relationship between Kentucky CBR and Slake-Durability,' Research Report 
UKTRP-84-24, University of Kentucky Transportation Research Program, August 1984. 
4. Bishop, C. S.; Hopkins, T. C.; and Armour, D. W.; "Design of Highway Embankments on Unstable Natural 
Slopes,' Proceedings of the Ohio River Soils Seminar, No. 17, October 1986. 
5. Hopkins, T. C.; "Shear Strengths of Compacted Shales," Research Report UKTRP-88-1 , University of 
Kentucky Transportation Research Program, January 1988. 
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EXECUTIVE SUMMARY 
Because of the large quantities of shales in Kentucky, numerous highway embankments 
have been constructed o! shales and many roadway cuts have been made in shales. Numerous 
problems have been encountered when making highway cut and fill ·sections through different 
shale formations. Embankment failures due to slope instability and large settlements, unstable 
pavement subgrades that cause uneven pavements, and weathering products of shales in highway 
cut sections that collect in ditches or cause rockfalls have occurred commonly throughout 
Kentucky. Large expenditures have been required for major remedial work as well as routine 
maintenance. Shales, when used as a construction material, create major problems because they 
tend to degrade from a hard or indurated mass to a fine-grained mass of soil. This degradation 
frequently produces weak clays or silts from in situ shales that may have very high shear strengths. 
Degradation of shale particles in embankments frequently occurs over a long period of time and 
many problems do not occur until several years after construction. 
The major intent of this study was to effect a change in the manner shales are used as a 
highway material in Kentucky and the way highway embankments composed of shales are 
designed and constructed. To develop or determine appropriate tests to identify shales prior to 
design and construction, the basic physical and engineering properites of a broad range of different 
types of shales located in Kentucky were examined. Secondly, attempts to identify inexpensive 
geotechnical testing procedures that could be used to differentiate between shales having 
desirable and undesirable engineering properties were undertaken. In particular, the applicability 
of the slake-durability test and jar-slake test for characterizing engineering properties of Kentucky 
shales was examined. Some forty different types of shales were studied. 
Ten different slake-durability testing procedures were performed. These procedures 
included those originally proposed by Franklin and Chandra, Gamble, and Deo and seven 
procedures devised by the author. Also, jar-slake tests were performed. The original procedure 
proposed by Franklin and Chandra was inadequate for characterizing Kentucky shales. The 
procedure proposed by Gamble (22), which has become the standard procedure used in Kentucky, 
was adequate for characterizing Kentucky shales. A new slake-durability testing procedure, using 
air-dried shale and one-60-minute cycle, was proposed. Since the standard procedure, which uses 
oven-dried material and two 1 0-minute cycles, is widely used by many governmental agencies, this 
procedure as well as the one 60-minute cycle test were selected for development of correlations 
with other engineering tests. Also, a slake-durability testing procedure, which was referred to as 
the slake-durability decay test, was devised so that other testing procedures could be evaluated to 
determine the ability of a given slake-durability testing procedure to characterize a wide range of 
shales. The decay index test involves testing various specimens of a given type of shales at 
various times. Hence, this test was not recommended for routine use, but it may be applicable for 
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large and important projects. 
Although trends were apparent, no distinctive correlations were obtained between slake-
durability indices and natural water contents of the shales. However, a good correlation was 
obtained between the square root of the slake-durability decay index and natural water content. A 
fairly distinctive correlation between clay-size particles finer than 0.002 mm (by weight) and natural 
water content was developed. Clay percentage is a good general indicator of how a given shale 
may perform as a highway construction material. For example, few problems have been 
encountered with the New Albany Shale, which contains less than eight percent clay. However, 
major problems have been encountered with such shales as the Crab Orchard and Kope, which 
contain clay in excess of about 18 percent. 
The jar-slake test provides a rapid and useful means of broadly classifying shales having 
low slake-durability -- shales that degrade into a pile of flakes when submerged in water -- and 
shales having immediate or (and) high slake-durability. However, the test does not distinguish 
between shales having immediate and high slake-durability characteristics. It was recommended 
that the test be modified by measuring water contents after soaking (surface dry) for 24 to 30 
hours. Water contents after soaking provides a means of distinguishing between shales of 
immediate and high slake-durability properties. A good relationship was obtained between the 
natural water content and water contents after soaking. Shales having water contents (after 
soaking) in excess of 17 percent have low slake-durability indices while shales having soaked 
water contents less than about 6.5 percent have high slake-durability. Soaked water contents 
between 6.5 and 17 percent indicate an immediate type shale. 
A trend relationship was noted between the slake-durability index and Shore scleroscope 
index, providing a broad means of distinguishing between soil-like and rock-like shales. No 
distinctive relationship was obtained between slake-durability indices and maximum vertical strains 
or vertical pressures from swell-deflection and swell-pressure tests, respectively, although trend 
relationships were evident. However, high swell pressures observed during the tests would be 
sufficient in many cases to overcome vertical and horizontal stresses existing in many 
embankments. These pressures were sufficiently large to cause many shales, when exposed to 
sufficient moisture, to degrade into soil-like materials. Such degradation at the contacts of shale 
particles explain in part the deterioration of many shale embankments after construction. 
Deterioriation is more pronounced in loosely placed shale aggregates. Consequently, increased 
compaction using heavy compactors is justified since this action decreases voids and reduces the 
permeability of a shale mass. Hence, the opportunity for ground water and surface seepage to 
enter the embankment is decreased. Accordingly, the use or placement of good drainage at the 
bottom of all shale embankments is important to prevent the instrusion of water and minimize 
exposure of shale particles to water. 
The most prominent minerals of the 40 types of shales were quartz, mica (illite), and 
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kaolinite. Montmorillonite, which is a highly expansive clay mineral, was not found in any of the 
shales. 
The natural water content, which is very simple and inexpensive to obtain, of an 
unweathered shale appears to be a fairly good predictor of the engineering properties of shales. 
Reasonable correlations between natural water content and such important engineering 
parameters as the effective stress angle of internal friction, clay fraction, and bearing ratio 
(KYCBR) were obtained. Shales having natural water contents below about 3.5 percent have high 
slake-durability indices, bearing ratios, and <!>' values. If the natural water content of a shale is 
above 7 or 8 percent, the shale has low slake-durability properties; and when compacted, the shale 
has low shearing strength and bearing strength. Also, the compacted shale will exhibit large swell 
values. Shales having natural water contents between 3.5 and 7 will have intermediate properties. 
Bearing strength and durability of shale subgrades are important considerations in 
pavement design. Dry densities and water contents of soaked and unsoaked KYCBR specimens 
were generally higher and lower, respectively, than maximum dry density and optimum water 
contents obtained from standard compaction (ASTM D 698-78). All compacted shales had high 
unsoaked KYCBRs (from 15 to 46). After soaking, KYCBRs ranged much lower (usually less than 
1 0). Very distinctive relationships between KYCBRs and slake-durability indices, as well as vertical 
swell strains, were developed. Also, a good relationship between soaked KYCBR and axial swell 
strain was obtained. When a shale has a slake-durability index lower than 92 percent, the shale 
when compacted will have a KYCBR of less than 10. For compacted specimens having an axial 
swell strain larger than 3 percent, the soaked KYCBR was less than 10. When the natural water 
content is less than about 4 percent, than the soaked KYCBR will probably be larger than 20 
percent. At large values of natural water content, the soaked KYCBR will most likely be on the 
order of 1.5 to 6 percent. Hence, bearing ratios of shales may be predicted from natural water 
contents and slake-durability indices. 
Another major objective was to examine and develop correlations between the shear 
strength parameters <!>' and c ', which in many instances govern the design of embankments, and 
simple inexpensive index parameters. Generally, the effective stress parameter <!>' did not vary 
more than 1 to 3 degrees as the compactive effort and dry density varied. However, the effective 
stress parameter c' varied significantly with compactive effort and dry density. Reasonable 
correlations were obtained between <!>' and the ratio (denoted as H 10 or Heal of the slake-durability 
index (obtained from the standard slake-durability index or the slake-durability index obtained from 
the one 60-minute cycle test, respectively) to the percent finer (by weight) than 0.002 mm. The 
logarithm of the effective stress parameter c' was a linear function of the molding water content 
wm. Approximate relationships between the intercepts and slopes of the log c'- wm curves and 
the ratio H10 {or Ifs0) were developed. Based on these relationships, the effective stress 
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parameter c' of a compacted mass of shale aggregates may be approximated when the slake-
durability index, the percent finer than 0.002 mm, and the molding water content are known. In 
cases where the relative compaction is less than 100 percent, a method is presented for 
determining an equivalent molding water content to use in the relationships. Currently, the slake-
durability test is performed routinely on core specimens. To use the reported relationships will 
require that hydrometer tests be performed on core specimens crushed to pass the No.-1 0 sieve. 
As an alternate method of determining cp', a relationship between cp' and the natural water content 
of the unweathered shale was developed. 
Generally, $'and c' of compacted shale, as defined by the maximum principal stress 
difference failure criterion were generally lower and higher, respectively, than cp' and c' defined by 
the maximum principal stress ratio failure criterion. Seldom do practioners (as well as many 
research agencies) report the failure criterion used in defining the $'and c' obtained from 
consolidated-undrained triaxial compression test with pore-pressure measurements. Although the 
cp '-values obtained from the two failure criteria do not vary widely, values of c' may vary 
significantly. Factors of safety obtained from slope stability analysis are very sensitive to changes 
in the value of c'. The choice of the failure criterion to use in triaxial testing is not a trivial matter. 
Since it is not always clear, as shown by data in this study, which method should be used, it is 
recommended that both criteria be used to define cp' and c' . Although cp' and c' may be 
approximated from simple index parameters and mathematical relationships presented herein, it is 
still recommended that a few triaxial tests of compacted shale be performed on a given project to 
verify results obtained from the mathematical relationships. 
Although slope instability of compacted shale embankments is. a major design 
consideration, long-term settlement is also a major design consideration. Many shale 
embankments in Kentucky, such as those located on I 75 in northern Kentucky, have failed 
because of excessive long-term settlements. Standard geotechnical techniques for testing and 
estimating settlements are usually not appropriate because of small laboratory equipment size, the 
large sizes of shale particles, and the incompatibility of Terzaghi's theory of consolidation to shale 
embankments. As one approach to this problem, a mathematical empirical method is proposed for 
approximating the long-term settlement (due to secondary compression and shear strain) of shale 
embankments. The technique relates long-term settlement of the embankment to the long-term 
factor of safety and height of fill. The long-term factor of safety is a function of the effective stress 
parameters $'and c', pore pressure, density, and slope geometry. To minimize settlement, the 
long-term factor of safety may be increased by adding berms, reducing slope angles, using heavy 
compaction equipment (to increase c'), or using some other means of increasing the factor of 
safety. 
Another major objective of this study was to examine and review shale compaction 
specifications outlined in Section 207 (entitled .Embankment.) of the Kentucky Department of 
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Highway's Standard Specifications for Road and Bridge Construction. (1976) and determine 
whether those specifications should be modified. During the course of this study, a special shale 
compaction provision was developed, adopted, and implemented in cooperation with the 
Geotechnical Section of the Division of Materials, Kentucky Department of Highways. This special 
provision, which met with the approval of the Federal Highway Administration in 1985 for statewide 
application, was both a procedural specification and an end-result specification. Consequently, 
there were questions concerning a possible conflict of these two requirements since the type of 
equipment specified might not achieve the desired results. Additionally, there is some question 
concerning the long-term benefits from the new special provision. To evaluate and determine the 
effectiveness of the special shale compaction specification and to compliment this study, a 
separate study sponsored by the Kentucky Department of Highways (Kentucky Highway 
Investigative Task No.1) was initiated. Evaluation of the long-term benefits of the special provision 
is beyond the scope of this study. However, questions concerning the procedural and end-results 
portion of the provision are addressed herein. Three test embankments were constructed on KY 
11 in the summer of 1987. The lower portions of these fills were constructed of intermediate and 
soil-like shales. 
Preliminary analyses of field and laboratory compaction results show that the special shale 
compaction provision was generally successful in providing satisfactory compaction. Heavy 
compactors, watering, and the disking operation were usually successful in breaking down the 
shales. Material passing the 3/4-inch and No.-4 sieve averaged about 87 and 60 percent, 
respectively. This study demonstrated that moisture-density tests may be performed on shales 
and the results may be used to control field compaction. Relative compaction generally averaged 
about 95 percent. However, laboratory maximum dry density and optimum moisture content must 
be adjusted or corrected for oversized shale particles when comparing those values to field dry 
densities and water contents. The Department currently has a procedure for adjusting maximum 
dry density, but no procedure is shown for adjusting the optimum water content. A method of 
adjusting the optimum water content is suggested in this report. 
Findings and knowledge acquired during this study also were implemented in formulating 
and influencing design standards of the Alexandria-Ashland (AA) Highway in northern Kentucky. 
This highway involves some 125 miles of new construction that passes mainly through the Kope 
and Crab Orchard Formations. Numerous highway embankment and cut slope failures have 
occurred in those shales. With regard to slope design for large embankments in excess of about 
30 feet, it was recommended that slopes of 2.5 horizontal to 1 vertical or 3 horizontal to 1 vertical 
be considered and the design shear strength parameters <1> ' and c ' used in the stability analyses 
be lower than those obtained from triaxial tests. For smaller embankments, slopes of 2 horizontal 
to 1 vertical might be permissible if the slope analysis showed that they provided required stability. 
It was recommended that shales of the Kope and Crab Orchard Formations be compacted using 
5 
heavy compactors (minimum weight of 55,000 pounds). Compaction guidelines, patterned after 
compaction shale specifications in Indiana were proposed. With regard to pavement subgrades, it 
was recommended that stabilization techniques be considered because of the low bearing ratios 
(CBRs less than 3 in many instances) of the Kope and Crab Orchard shales and the residual soils 
derived from those formations. On one section of the AA Highway-- Section 19, hydrated lime was 
recommended. Since many of the residual soils of many sections of the AA Highway have high 
clay contents and plasticity indices, lime stabilization was recommended. 
Finally, it was recommended that good drainage consisting of sound, durable rock and/or 
drainage pipe (slotted) be placed at the bottom of each shale embankment so that subsurface 
seepage in the shale embankment would be minimized. 
6 
INTRODUCTION 
Large quantities and numerous varieties of shales are located in Kentucky and, 
consequently, have been used extensively in the construction of highway embankments. 
Numerous problems have been encountered when making highway cuts and fills through and with 
the different shale formations. Embankment failures, slope instability, unstable subgrades, and 
failures of shale cuts have occurred at many locations. Much remedial work and maintenance, 
such as cleaning of ditches, repaving road surfaces, and stabilization of embankments, are 
required. Frequently, the construction of highway embankments using shale materials is 
necessary because of their availability and the lack of more suitable and economical alternate 
construction materials. However, past experience has shown that such materials have oftentimes 
lead to numerous and costly maintenance problems. In-depth investigations (1 • 7), for instance, 
conducted at several highway sites where embankments have failed show that certain shale types 
frequently caused instability. Embankments at those sites were located on foundations containing 
low shear-strength shales (both weathered and unweathered) or (and) the embankments were 
constructed of weak shales. Figure 1 illustrates the enormity of such problems. 
The weathering of certain shales produces material, as shown in Figure 2, that collects in 
drainage ditches at the bottom of slopes and must be removed periodically. Another problem in 
highway cut slopes is illustrated in Figure 3. In this situation, a massive sandstone or limestone 
overlays a shale formation. If the shale formation is of poor quality, it will weather faster than the 
sandstone. Eventually, massive block falls of the harder formation occur and require removal. In 
some instances, low shear-strength shales have been observed to be the direct cause of slope 
failures in highway cut sections. Construction of highway pavements on shale materials also may 
lead to heaving problems as illustrated in Figure 4. The swelling of the subgrade shale produces 
uneven pavements. 
As shown in Figure 5, materials of the Ordovician, Silurian, Devonian, Mississippian, 
Pennsylvanian, Cretaceous, Tertiary, and Quaternary periods are found in Kentucky. With the 
exception of the Cretaceous, Tertiary, and Quaternary (which contain expansive clays), shales are 
associated with all periods. The Ordovician, Silurian, and Mississippian shales have been involved 
in many road-building problems. Certain formations have been particularly troublesome. The 
Kope and Fairview Formations (Ordovician interbedded shales and limestones) of Northern 
Kentucky have caused embankment problems on I 75 near Covington and have caused extensive 
failures of KY 8 along the Ohio River, west of Covington, by sliding into the river. In the Knobs 
region to the east of the Cincinnati Arch, the Crab Orchard Formation (Silurian) causes many 
problems. Many Mississippian shales behave poorly in road cuts. For instance, the lower Borden 
Formation (Nancy and New Providence) tends to cause wavy pavement surfaces. The Henley 
Shale caused construction problems on I 64 east of Morehead. Also, shales of the Eastern and 
Western Kentucky coalfields (Pennsylvania), such as the Breathitt Formation near Jackson (KY 
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15) and the Tradewater (Western Kentucky), have been troublesome. The Cretaceous and more 
recent sediments of the Jackson Purchase Region, such as the Porters Creek Clay, which contains 
large percentages of montmorillonite, are highly overconsolidated clays and very expansive. 
The term shale is defined geologically as a fine-grained, indurated, detrital sedimentary rock 
formed by the consolidation, such as compression or cementation, of clay, silt, or mud and 
characterized by a finely stratified structure (fissi/ity) approximately parallel to the bedding (8). 
Generally, shale is composed of appreciable amounts of clay minerals, or derivatives from clay 
minerals, and detrital quartz. Shale includes all weak sedimentary rocks such as claystones, 
siltstones, and mudstones. Some materials such as underclays and highly overconsolidated clays, 
which, perhaps, could not be (geologically) classified as shales, but which are indurated and exhibit 
some "shale-like" properties as defined above, have been included. 
Shales make up the largest portion of all sedimentary rocks and are the least understood. 
Many shale particles are less than one micron in diameter. Typically, shales are composed of 
about one-third quartz, one-third clay minerals, and one-third miscellaneous substances (9). The 
principal minerals of shales, such as quartz, clay minerals, and hydrated oxides (such as bauxite 
and limonite), are formed by the weathering of feldspars and mafic igneous rocks. Some 
associated minerals such as calcite, dolomite, pyrite, illite, and flauconite are formed during and 
after deposition of the primary minerals. 
Many problems encountered during and after construction are caused primarily by the 
tendency of shaly materials to decay or crumble (or erode) from an indurated mass to a fine-
grained mass of soil. Frequently, such reversion of certain shales produces weak clays or silts of 
low shear strength, although the indurated masses generally may have very high shear strengths 
(1 0). 
Because of the extensive use of shales in highway construction in Kentucky, a testing 
program was initiated to identify or develop engineering tests that could be used to characterize 
important engineering properties of shales and to differentiate between rock-like and soil-like 
shales. The ability to predict field performance would aid in the preliminary design of compacted 
fills and pavement subgrades constructed of shales. · 
OBJECTIVES ANOSCOPE 
In designing highway shale embankments, cut slopes in shales, and shale subgrades for 
pavements, stability and settlement are major considerations. Stability of highway embankments 
constructed of shales is governed by such engineering factors as shear strength, swell, unit weight, 
long-term pore pressures, slake-durability, and permeability of the compacted shales. Settlement is 
governed by such engineering factors as the effort used to compact the shales, swell potential, and 
the overconsolidation nature of the compacted shales. Although this study was mainly concerned 
with identifying important engineering properties of shales pertaining to stability, some data and a 
proposed empirical method of estimating the long-term settlement of compacted shale 
embankments is presented. However, development of this empirical method was not an objective 
of this study. Details of the empirical method have been presented elsewhere (11) and are 
presented here in summary form for informational purposes. 
Research aimed at developing or determining appropriate tests to identify problem shales 
prior to design and construction had two objectives. The first objective was to examine the basic 
physical and engineering properties of a broad range of different types of shales located in 
Kentucky. The second objective was to identify inexpensive testing procedures that could be used 
to differentiate between shales having desirable and undesirable engineering properties. In 
particular, the applicability of the slake-durability and jar slake tests for characterizing the 
engineering properties of Kentucky shales was examined. This portion of the testing program 
concentrated on some 40 shale types obtained from 31 locations in Kentucky. A wide range of 
tests was performed to determine in detail the slake-durability characteristics of the shales. These 
tests included determinations of slake-durability, natural water content, jar slake number, Atterberg 
Limits, particle-size distributions of minus No.-1 0 sieve material, Shore scleroscope hardness of 
undisturbed shales, and mineral composition. Important findings of this portion of the study are 
summarized herein. More detailed accounts of this work have been published elsewhere (12, 13). 
Another major objective was to examine and determine in detail effective stress shear 
strength parameters, q>' and c', of a variety of selected shales remolded at different compactive 
energies. In many instances, long-term stability governs the design of compacted shale 
embankments. With regard to embankment shear strength, another objective included the 
development of correlations between the effective stress parameters, q>' and c', and simple 
inexpensive index parameters so that guidelines could be formulated for selecting the shear 
strength parameters of compacted shale embankments. Also, another aim of the study was to 
compare effective stress parameters defined by the maximum principle stress difference criterion 
with effective stress parameters defined by the maximum principle stress ratio. A major portion of 
this report is devoted to examining the shear strength of a broad range of compacted shales. Both 
shales having desirable and undesirable engineering properties were selected for study. 
Both bearing strength and durability of shale subgrades are important considerations in 
pavement design. Although compacted shales in subgrades initially may have nigh bearing 
strength, exposure of certain types of shales to weathering agents, such as water, over a period of 
time may produce a subgrade of low bearing strength. Consequently, a decrease in bearing 
strength of the subgrade may adversely affect pavement performance. Major objectives of this 
portion of the study were to develop a relationship between the soaked Kentucky CBR (KYCBR) 
and slake-durability and to examine the swelling potential of a variety of compacted Kentucky 
shales. The aim was to develop a simple method of selecting shales that are suitable, or in 
determining shales that are unsuitable, for use in pavement subgrades. Detailed accounts of this 
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portion of the study have been published elsewhere (14); important findings are summarized 
herein. 
Another aim of the shale study was to develop a relatively inexpensive test to determine 
shale durability. In this portion of the study, efforts were made to identify a simple test that could 
be used to forecast important engineering properties. During the course of this study, a simple 
inexpensive laboratory test was identified and it is described herein. 
Based on past experience and inspections of interstate highways constructed on shale 
embankments, numerous long-term settlement problems are evident. Settlements of shale 
embankments measuring as much as 2 feet have been observed. Part of this problem appears to 
be a result of improper compaction. Earlier compaction specifications (15) treated shale as rock 
and allowed lift thicknesses up to 3 feet. Initially, a major objective of the shale research study was 
to examine and review shale compaction specifications outlined in Section 207 (entitled 
.Embankment.) of the Kentucky Department of Highway's .Standard Specifications for Road and 
Bridge Construction. (1976) and to determine whether those specifications should be modified. 
Those specifications as well as compaction specifications of some states adjacent to Kentucky 
were reviewed. Accounts of this review were published elsewhere (16) and are summarized 
herein. In 1984, Kentucky adopted, with the approval of the Federal Highway Administration, a 
special shale compaction specification, as reproduced in APPENDIX A, for statewide application. 
Evaluation of this specification was considered to be beyond the scope of this report, since such an 
evaluation would involve several years. Consequently, to determine the effectiveness of the 
special shale compaction provision, a separate study sponsored by the Kentucky Department of 
Highways was initiated. Three test embankments were constructed of intermediate and soil-like 
shales. Some findings pertaining to the construction of those test fills are described herein. 
Finally, another major objective was to examine criteria used in Kentucky for shale cuts. 
Two other objectives pertaining to this review included evaluating relationships between field 
performances of serrated slopes and slake-durability index and to determine whether a more 
specific set of guidelines may be developed to indicate when shales may be serrated using a 
scraper blade or ripper. The review and case histories pertaining to serrated slopes are presented 
elsewhere (17). 
SITE AND SHALE DESCRIPTIONS 
Some forty types of shale materials, which exhibit a wide range of engineering properties 
and field performances from the various physiographic regions and geologic periods occurring in 
Kentucky, were selected for testing. Samples were obtained from the Jackson Purchase, Western 
Coal Field, Knobs, Mississippian Plateaus, Bluegrass, and Eastern Coal Field Physiographic 
Regions and from the Recent, Cretaceous-Tertiary, Pennsylvanian, Mississippian, Devonian, 





























instances, more than one type of shale material was collected from the same site. A listing 
showing the laboratory number of the material, the geologic formation and period, and a brief 
description of each sample is presented in Table 1. More detailed descriptions of hand specimens, 
geologic formations, locations, and photographs are presented elsewhere (12). 
An effort was made to collect both hard and soft shales. Shales Which had well-
documented histories of involvements in highway failures, as well as material of little known 
involvements, were selected. Nine of the shale-like materials were visually classified as siltstones 
because particles were readily visible on the exposed surfaces and because they had a gritty 
texture. Four of the shale-like materials were over-consolidated clays (Samples 2-1, 11-2, 15-1 
and 33-1 ). 
Based on previous slake-durability and index testing of the shales listed in Table 1 (12), 
fourteen types of shale were selected for CBR testing and standard compaction (ASTM 0 698-72). 
Locations of the fourteen types of shale are shown in a previous publication (14). Nine of the 
fourteen types were selected for consolidated-undrained, triaxial compression testing with pore 
pressure measurements. 
SAMPLING PROCEDURES 
Samples were obtained using hand tools and a drill rig. Shale pieces for bag samples were 
loosened using a rock hammer and mattock. The majority of the bag samples were obtained at a 
distance of at least 1 foot (0.3 m) measured horizontally from the face of the shale formation. This 
distance was usually sufficient to obtain samples free from the effects of surface weathering, 
although some fractures penetrated to greater depths and were coated with iron precipitates. In 
certain instances, some softer shales had to be sampled at horizontal distances greater than 1 foot 
(0.3 m) to obtain unweathered samples. The harder rock-like shales were usually sampled at 
horizontal distances of less than 1 foot (0.3 m) because of difficulties in excavating the samples. 
However, the rock-like shales obtained at the shallow distances were essentially unweathered. 
During sampling, freshly dug and unweathered shale specimens were place in water-
content cans. The tops were taped and the cans were immediately returned to the laboratory 
where water contents and water loss (with time) were obtained. For each shale, approximately 20 
water-content cans were filled with the freshly dug shale specimens so that an average in situ 
water content could be obtained. About 1 00 grams of the unweathered shale were placed in a zip-
lock plastic bag for mineral analysis determinations. Bag samples obtained by hand tools were 
used in the following tests: slake-durability tests using ten different procedures, jar slake test, 
natural or in situ water content, specifc gravity, Atterberg limits, hydrometer analysis, loss of water 
(with time) tests, and mineral analysis. 
Eight sites were core drilled and 11 types of shales were obtained. One site had been core 
drilled in 1972 (2) -- Hance Formation, Sample 13-1 -- during an earlier study. This site was 
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Soft Olive-Gray Shale 
Hard Black Shale 
Soft (Overconsolidated) Shale 
Hard Gray Shale 
Medium Hard ~ray Shale 
Medium Hard Gray Shale 
Soft Gray Clay Shale 
Greenish-Gray Calcareous Shale 
Greenish-Gray Calcareous Shale 
Gray Arqillaceous Limestone 
Soft Greenish-Gray Clay Shale 
Hard Gray Siltstone 
Soft Medium G~ay Underclay 
Soft Tan Siltstone 
Soft Gray Silty Shale 
Soft Gray Clay Shale 
Hard Medium Gray Shale 
Soft Medium G~ay Underclay 
Medium Hard Gray Silty Shale 
Hard Medium Gray Shale 
Hard Black Shale 
Medium Hard Gray Shale 
Medium Hard Gray Shale 
Medium Ha~d Gray Silty Shale 
Medium Hard Red and Green Shale 
Soft Gray Shale 
Hard Gray Shale 
Medium Hard Gray Siltstone 
Medium Hard Gray Shale 
Medium Ha~d Gray Shale 
Medium Hard Gray Siltstone 
Mtldium Hard Brown Shale 
Medium Hard Gray Siltstone 
Medium Hard Gray-Greenish Shale 
Medium Hard Gray Siltstone 
Hard Gray Siltstone 
Medium Hard Gray Shale 
Medium Hard Greenish-Gray Siltstone 
Medium Hard Gray Siltstone 
Medium Hard Gray Shale 
Soft (Overconsolidated) Grayi~h-Brown Clay 
Soft Greenish-Gray Shale 
-----------------------------------------------------------------------------------------------------------
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located within a few hundred feet of the bag sample site. One additional shale sample -
Continental deposits, Sample 2-1 -- was cored from a block sample using a small portable core 
drill. Core samples were obtained using a double tube, NX-size (2 1/8-inch (54-mm) core 
diameter), M-series core barrel. During sampling, the drill rig was positioned as close as practical 
to the bag sampling site. The core barrel was advanced through the overlaying material to an 
elevation equivalent to the elevation of the bag sample digging. Hence, the core samples and the 
bag samples were essentially the same material. Immediately after removing the core barrel from 
the drill hole, the core barrel was broken down and the shale sample was transferred to a core box. 
In certain instances, some of the clayey shales stuck to the inner tube of the core barrel and had to 
be removed using an extruder. When this occurred, the ends of the barrel were sealed to prevent 
moisture loss. Selected sections of the extracted core were waxed or thoroughly wrapped with 
cellophane to protect the sample and to retain the natural water content. The waxed samples were 
stored in an environmental room (controlled humidity) for future testing. Swell deflection, swell 
pressure, and Shore scleroscope tests were performed on the core samples. 
Selection of a gradation to use in preparing shale specimens for triaxial and CBR testing 
presents a problem because of the fine-grained nature of shales and because shales occur 
naturally in an indurated form or a highly overconsolidated state. Different specimen gradations 
may yield different test results. Shales may be crushed or bro~en to produce practically any 
gradation. Consequently, in preparing shales for testing, a question arises concerning the 
gradation of test specimens. To simulate as closely as practicable the potential condition of a 
particular shale after several years in an embankment, weathered shale samples were obtained 
from talus piles that had accumulated near the bottom of highway cut sections. Each highway cut 
section selected for sampling consisted essentially of only one type of shale. For example, when 
selecting samples of weathered New Albany Shale, the highway cut section consisted entirely of 
New Albany Shale. Highway cut sections were selected as close as practical to sampling sites 
previously chosen for obtaining unweathered samples for slake-durability and physical testing (12). 
Several disturbed bag and bucket samples of each type of shale were obtained. The gradation of 
the weathered shale was assumed to represent to some degree the natural condition of the shale 
after exposure to weathering agents. 
TEST PROCEDURES AND RESULTS 
The testing program consisted of two categories: 1 ) physical property or index classification 
tests and 2) engineering tests. Physical property tests consisted of particle-size analyses, liquid 
and plastic limits, natural water content measurements, and specific gravity determinations. 
Engineering tests consisted of moisture-unit weight determinations, KYCBR determinations, slake-
durability determinations (18, 12), mineral analyses, swell determinations, Shore scleroscope 
determinations, and triaxial compression. The various types of geotechnical tests performed on 
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the weathered and unweathered shales and testing procedures used are summarized in Table 2. 
Only material passing the No.-4 sieve was used in triaxial, moisture-density, and KYCBR 
tests. The method of reducing the maximum particle sizes as outlined elsewhere (19, 20) was not 
used. The future trend of constructing shale embankments will consist of compacting shales in 
thinner lifts and, also, heavier compaction equipment will be used than in the past. For example, 
current shale compaction specifications allow a maximum loose lift thickness of 8 inches; in the 
past, lift thicknesses up to 3 feet were permitted. Special provisions for shale compaction, recently 
adopted by the Kentucky Department of Highways and approved by Federal Highway 
Administration (FHWA) for statewide use, are contained in APPENDIX A. Compaction provisions 
developed during the course of this study specify that shales shall be watered, disked, broken-
down, and compacted. Use of heavier compaction equipment, thinner lifts, and watering will 
produce compacted layers having a higher proportion of fines than produced by lighter equipment 
and thicker lifts in previous specifications. Methods of testing and results are described below. 
PHYSICAL CHARACTERISTICS 
Index Tests 
Atterberg limits were determined according to ASTM standards. Method D 4318-84 was 
used for the liquid limit, and plastic limit index testing. Shale specimens were prepared using 
Method D 421-58, Dry Preparation of Soil Samples for Particle-Size Analysis and Determination of 
Soil Constants. In the case of the unweathered shales (listed in Table 3), each sample was air 
dried and then dry ground in a mortar with a rubber-tiped pestle. For liquid limits, about 100 grams 
were ground to pass the No.-40 sieve; for the plastic limit, about 15-20 grams were retained from 
the -40 material. Values of liquid limits and plasticity indices for the unweathered and weathered 
shales are listed in Tables 3 and 4. Liquid limits of the unweathered shales (Table 3) ranged from 
19.5 to 38.3. Plasticity indices ranged from NP (non-plastic) to 18 percent. 
In Situ Water Contents 
Water contents of unweathered shales were determined following ASTM D 2216-80. During 
field sampling, small pieces (40-50 grams) of each shale were obtained to fill approximately 20 
water-content cans. The cans were sealed with tape to prevent the loss of moisture. The cans 
were returned to the laboratory, weighted, and placed in an oven (11 0 ± 5°C). The in situ water 
content was determined by averaging the 20 water contents. Average values of natural or in situ 
water contents of the different types of shales are shown in Table 3. Natural water contents of the 
unweathered shales ranged from 1.7 to 23.2 percent. 
Particle-Size Analysis 
Particle-size analyses of the unweathered shales listed in Table 1 and the weathered shales 
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TAB(.£ 2. GEOTECHNICAL TESTS ANO TESTING PROCEDURES 










- Standard Compaction 
Modified Compaction 
Low-Energy Compaction 






Sand-Cone (6-lnch Diameter) 
Drive Sampler 
Nuclear Gage 
APP(.ICABLE TEST PROCEDURES 
ASTM D 854-83 
ASTM D 431 B-84 
ASTM D 4318-84 
ASTM D 421-85; ASTM 0 
(Reapproved 1972) 
ASTM 0 2216-80 






ASTM D 698-78, Method A 
Method C 
Method 0 




Described in Reference 12 
Described in Reference 12 
Described in Reference 12 
Described in Reference 12 
ASTM D 1556-82 
ASTM 0 2937-83 




Unweathered shales crushed to pass No.-10 sieve 
Unweathered shales crushed to pass No.-40 sieve 
Unweathered shales crushed to pass No.-40 sieve 
Unweathered shales crushed to pass No.lO sieve 
Average of twenty tests used to define 
natural water content of unweathered shale 
Standard procedure; also see Reference 21, 17, 12 
Nine other procedures described in 
Reference 12 
See References 12, 44 
Performed on weathered shales 
{Plus No. 4 material discarded); Performed 
on unweathered shale from test embankments 
(rock crushed to pass No. 4 sieve) 
Performed on unweathered shale from 
test embankments {rock crushed to pass 
3/4-inch sieve) 
Performed on shales from test fills 
Performed on weathered shales (plus 
discarded) 
Also, See Reference 19 
See References 22, 23, 24, and 25 
Weathered shales used -- plus 
No.-4 material discarded 
Seven different fractions were tested 
Rock core {shale) specimens used 
Rock core (shale) specimens used 
Rock core (shale) specimens used: Shore 
scleroscope value of specimen defined 
by averaging 100 readings 
Performed on shale test fills 
Performed on shale test fills 
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listed in Table 4 were determined according to ASTM D 421-85, Dry Preparation of Soil Samples 
for Particle-Size Analysis and Soil Constants, and D 422-63, Particle-Size Analysis of Soils. For 
the unweathered shales, approximately 100 grams of each shale was ground to pass the No.-10 
sieve. A molar and rubber-covered pestle recommended by the ASTM Standards was used to 
grind the softer shales. A rubber-covered pestle was not suitable for grinding the harder shales, 
and a porcelain-tipped pestle was used. Both mechanical and hydrometer analyses were 
performed on the weathered shales. 
Particle-size distribution curves for the weathered shales from talus piles are shown in 
APPENDIX B. These results are the mechanical and hydrometer analyses performed on the 
materials. In APPENDIX C, particle-size distribution curves of the weathered shales and the 
unweathered shales, which represents only results obtained from the hydrometer test (-No. 10 
material) are compared. Using the computer-drawn plots in APPENDIX C and interpolation, three 
particle-size groupings -- sand (> 150 J.l), silt (50-2J.l), and clay (< 2J.l) --were tabulated as shown in 
Table 3. These three sizes were chosen because of their equivalent relation to size fractions 
chosen for the mineralogic analyses. 
Jar-Slake Test 
Jar slake numbers of the shales are shown in Table 5. Photographs illustrating each of the 
above jar slake categories are shown elsewhere (12). 
ENGINEERING TESTS 
In preparing the weathered shale specimens for triaxial testing, moisture-density testing, 
and KYCBR testing, only material passing the No.-4 sieve was used; material retained on the No.-4 
sieve was discarded. Engineering tests and results are described below. 
Slake-Durability 
Slake-durability tests were performed on unweathered shale specimens following 
procedures described elsewhere (12). In the study by Hopkins and Gilpin (12), ten different testing 
procedures were used to examine the slake-durability behavior of some forty different types of 
unweathered shales. Slake-durability results obtained from the ten test procedures were reported 
and are summarized in Table 5. To develop a testing procedure that might fully describe the slake-
durability characteristics and provide a complete slake-durability history of a particular shale, a 
series of slake-durability tests were performed on each shale type using different, arbitrarily 
selected time intervals and air-dried specimens. A slake-durability decay index, D~o was defined, as 
shown in APPENDIX D, as the area under the slake-durability index-time curve divided by 500 (an 
arbitrarily selected value). The decay index was used to gage the reasonableness of other slake-
durability indices obtained from the various testing procedures. Two of the ten slake-durability 
20 
TABLE 4. CLASSIFICATION DATA FOR WEATHERED SHALES 
===============================================================~==== ========================================================= 
PARTICLE-SIZE ANALYSIS* 
LIQUID PLASTIC (Percent Finer by Weight) UNIFIED 
SAMPLE GEOLOGIC LIMIT INDEX SPECIFIC 
----------------------------
SOIL AASHTO 
NUMBER IDENTIFICATION <•> (%) GRAVITY N0.10 NO. 200 <0.002mm ACTIVITY CLASSIFICATION CLASSIFICATION 
-------------------------------------------------------------------------------------------------------------------------------
1-2 New Albany NP NP 2.52 100.0 88.0 13.5 0.00 ML A-4 (8) 
1\) 13-1 Hance NP NP 2.74 100.0 87.0 8.0 0.00 ML A-4 (8) 
... 3-1 Drakes 24.0 15.0 2. 85 100.0 85.0 21.0 0. 71 CL A-6 (8) 
23-1 Lower Caseyville NP NP 2.74 100.0 92. 6 32.0 0.00 ML A-4. (8) 
27-1 Tradewater 28.0 7.2 2. 69 100.0 88.0 21.0 0.34 CL A-6 (12) 
17-4 Nancy 31.0 11.0 2.73 100.0 98.0 25.0 0.44 · CL A-6 (12) 
20-1 Osgood 26.0 7.1 2.74 100.0 96.0 26.0 0.21 CL A-6 (12) 
1-1 Crab Orchard 38.0 14.0 2. 78 100.0 97.5 32.5 0.43 CL A-6 (14) 
12-1 Kope 30.0 8.3 2.83 100.0 95.6 34.2 0.24 CL A-6 (12) 
35-1 Kope (I 275) 36.0 15.0 2.83 100.0 95.8 38.5 0.39 CL A-6 (12) 
32-1 Golconda 29.1 9. 7 2. 76 100.0 80.8 35.0 0.28 CL A-6· (12) 
33-1 Clayton-McNairy 30.0 9.5 2. 65 100.0 89.5 33.0 0.29 CL A-6 (12) 
34-1 New Providence 40.0 15.4 2. 61 100.0 97.2 31.0 0.50 CL A-6 (14) 
19-1 Newman 35.0 12. 1 2. 73 100.0 93.4 32.0 0.38 CL A-6 (13) 
-------------------------------------------------------------------------------------------------------------------------------
* Hydrometer tests performed on weathered shale specimens that passed the No.-10 sieve. 
TABLE 
'· 
SLAI<E-O!JRABILTY INDICES AND JAR-SLAKE NUMBERS ___________ ............................ _________________________________________ ,. ______________ 
SLAKE-DORA.BILI'l:Y INDICES 
---------- ----------










"' "' "''" """ ''-"'' ~"'" GEOLOGIC FORMATION INOEX ' CYCLE I 2 CYCLES1 t CYCLE' 2 CYCLES" """' DRIED DRIED DRIED DRIED '""'" 
--------------------------------------------------------------------------------
H Naw Alb•ny 2426.4 99.6 99.3 n.J ~8.8 99.7 99.5 98.6 98.9 97.7 
17-2 Sllnbury 1258.9 99.9 n.t U.J 98.6 99.6 u.o 97.6 98.5 96.8 
13-l H•nce 256.0 98.7 96.1 95.3 9(1.3 97.6 U.D 93.4 89.5 
8-lA Lowar Cl•ys faery (LS~SIIl 160.5 U.7 89.9 H.O 81.3 57.2 
H Upper Dc•k•s 78.5 93.8 83.4 91.4 63.4 87.1 75.4 81.6 65.3 
22-1 Cu.b occb•cd No. 
' 
611.7 90.3 11.9 69.8 48.' 81.8 72.4 48.8 41.4 26.7 
17-1 Bedford 62.6 90.0 u.s 84.5 55.8 90.7 83.3 U.2 60,9 53.6 
25-1 Lisman 62,5 92.0 89.8 89.6 75.3 82.9 70.4 8LO 48.2 
ll-3 Breathitt {tan sb&la) 62.1 75.1 58.4 64.6 54.0 82.6 65.5 43.9 51.1 43.3 
28-1 l<lncdd 60.8 76.8 43.8 53.5 24.9 53.0 40.5 14.5 27.3 27.9 
18-1 
""' 
!.;ray sh•l•l 53.2 94.9 90.3 87.4 75.4 9S. 6 65,1 68.1 10.7 • n-1 Breathitt 48.5 48.4 66,9 • 17-3 Henley 44,3 86.6 71.8 13.1 H.2 67.7 50.1 33.3 60.5 51.8 
' 23-l Lower Caseyville 41.1 n.s 84.1 86.1 72.8 89.4 78,0 62.4 72.1 54.2 • 26-1 Upper Carbondale 40.7 97.8 94.1 90,8 83.0 93.1 84.7 62. g 82.1 64.8 • 
5-1 Lower Nancy 37.0 97.3 92.~ 78,2 64.7 89.1 84.4 62.3 66.5 41.1 
<-1 Upper Nancy 32.4 91.1 93.6 91.4 73.2 94.4 82.2 65.8 79.2 65.4 
27-1 Tr•dew•ter 28.3 92.1 89,3 83.2 U.t 84.2 68.2 41.1 63.9 43.1 
16-1 Coo 
" 
75 Mt. Varnon) 26.2 74.2 40.4 50.5 22.1 33.0 45.2 ... 
11-4 Nano::y 
" 
.. M.P. m 26.0 95.5 84.1 81.8 65.5 89.3 78.1 59.0 69.1 46.3 
21-1 ConaN \lOb 25.8 92.8 85.5 88.4 72.9 86,6 72.1 55.2 69.3 H.5 
8-18 Lower Cl .. ys ferry 22.3 88.6 71.9 88.6 11.9 68.2 81.5 57.2 
20-1 Osoooc:t 22.0 93.0 81.6 80.4 63.4 91.1 72.9 48.1 61.0 56.1 
26-2 Lower Cacbond.ala u.o n.a 54.3 63.3 35,8 78. l 62.9 45,0 41.3 34.9 
11-2 Breathitt {1lnderclay) 14.3 1.1 o.> 62.9 55.1 35,0 
,_1 Lower Cl•ys ferry 14.1 93.7 83.3 86.0 71.5 86.1 73.2 
18-2 , ... (red shale) 12.2 91.6 69.0 67.5 32.5 66.3 36.5 23.3 43.4 25,8 
24-1 l.ow<rr C8rbond.ale ... 85.6 68.7 68.2 44.5 66.3 49.1 22.2 32.6 16.5 
30-1 TAr sprinos 0.0 18.3 47.9 61.6 28.6 71.5 so.o 
'·' 
32.4 '.5 
10-1 Cra.b Orch•rcl >.1 87.1 67,5 10.5 35.7 .. ' 
Menard '-' 24.8 0.5 11.1 ••• 26.5 14.0 14.2 '·' 
0.' 
::rll.b Orch•rd (U.S. m 
'·' 
51.6 16.3 25.4 ,_, 42.9 25.0 10.3 13.3 2.1 
l<ope 
" 




,_, H,J 30.6 64,0 30.6 0.0 
32-l Golconda 
'·' 
38.6 12.9 23.2 .. ' 28.2 16.5 
'·' ••• 
5.' 
31-1 Hudinsburg 2.0 34.1 '-' U.3 ... 41.0 13.8 >.1 11.9 .. ' 
33-1 ClAyton And McNairy 
'·' 
41.2 24.1 20.5 
'·' 
30.3 18.1 1.0 10,7 1.1 
15-1 , .. (llnc:tucl•Yl 2.0 11.7 25.1 H.O o.o 23.2 
'·' 
11.1 ,_, 
2-1 Conttnent•l Depos1tl 1., 49.4 20.8 .., o.o U.7 0.0 0,0 0.0 0.0 
19-1 Newman 0.0 16.9 1.< 13.8 0 •• 
'·' '·' 
2.0 0.2 0.0 
ll-4 BnAthitt {Or&Y lbda) O.< 13.6 1.2 0., 0.0 o.o O.< 0.1 
34-l New Providence 74.3 34.3 
--------------------------------------------------------------------------------------
L One 10-minute cycle, oven-dr11'd. 
'· 
Two 10-minllta cycles, oven-dried. 
'· 
Ona 25-minllte cycle, oven-drier!. 
.. Two 25-minllte cycles, oven-dried • 
22 
testing procedures were selected for development of relationships between slake-durability and 
shear strength and other simple index tests. Those two slake-durability testing procedures were 
the so-called "standard." slake-durability method, which is currently used in Kentucky 
(KM-64-513-78 (21)), and the 60-minute cycle method devised by Hopkins and Gilpin (12). The 
standard slake-durability method uses oven-dried material and two 10-minute cycles (18, 22). The 
other slake-durability test uses air-dried material and one 60-minute cycle. Slake-durability indices 
from the standard procedure and the proposed SO-minute test as well as the percent by weight 
finer than 0.002 mm are shown in Table 6. Also, the ratios of slake-durability index to the percent 
finer than 0.002 mm are tabulated. 
Moisture-Density Relationships 
Standard compaction tests were performed on the weathered shales following procedures 
of ASTM D 698-78, Method A. Compactive energies that were lower and higher than the 
compactive energy of the standard compaction test also were used in some cases. The low-
compactive energy was 20 percent of that used in the standard method. This compactive energy 
was obtained using a 1.84-pound aluminum ·hammer, a 12-inch drop, three layers, and 15 blows 
per layer. The high-compactive energy was obtained by following procedures of ASTM.D 1557-78, 
Method A, often referred to as modified compaction. A summary of specifications used in 
compacting weathered specimens for moisture-density tests and for remolding specimens for 
triaxial testing is contained in Table 7. 
Results obtained from standard, modified, and low-energy compaction tests are presented 
in Table 8. Moisture-density curves obtained from the three compactive energies are presented in 
APPENDIX E. Modified and low-energy compaction tests were not performed on weathered 
shales identified as 37-1 , 38-1 , 39-1 , 40-1 , and 41-1. 
Kentucky CBR Tests 
Kentucky CBR tests were performed on the weathered shale samples following procedures 
outlined elsewhere (21, 23, 24, and 25) and according to Kentucky Method KM-64-501-76. Only 
material passing the No.-4 sieve was used. CBR specimens were molded at the optimum moisture 
contents and maximum dry densities obtained from ASTM D 698·78, Method A; however, static 
compaction was used to mold the specimens. A static pressure of 2,000 pounds per square inch 
was maintained on the specimen for 2 minutes. In the KYCBR testing procedure, two penetrations 
may be made •• prior to soaking and after soaking. Specimens were inverted for the second 
penetration; hence, soaked and unsoaked CBR values may be obtained. CBR specimens were 
placed in a water tank after compaction and first penetration, and the sample was allowed to 
absorb water until consecutive swell deflection readings were equal to or less than 0.003 inch in a 
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1. O-ft drop 
LOW ENERGY 
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* All triaxial specimens were molded to conform to optimum moisture 
contents and maximum dry densities obtained from modified, standard, 
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TABLE 8. OPTIMUM MOISTURE CONTENTS AND MAXIMUM DRY DENSITIES OBTAINED FROM 
THREE DIFFERENT COMPACTIVE EFFORTS 
MODIFIED COMPACTION1 STANDARD COMPACTION2 LOW-ENERGY COMP,ACTION3 
-------------------- -------------------- ----------------------
OPTIMUM MAXIMUM OPTIMUM MAXIMUM OPTIMUM MAXIMUM 
WATER DRY WATER DRY WATER DRY 
SAMPLE SAMPLE CONTENT DENSITY CONTENT DENSITY CONTENT DENSITY 
NUMBER NAME {%) (pcf) {%) (pcf) {%) (pcf) 
1-2 New Albany 12.6 112.8 19.8 96.8 22.0 95.9 
13-1 Hance 8.7 133.5 11.8 124.7 1? .5 119.0 
3-1 Drakes 6.6 142.9 10.3 130.2 13.4 124.8 
17-4 Nancy 7.2 134.0 12.2 119.4 16.2 111.1 
20-1 Osgood 6.8 138.2 10.5 123.8 15.5 118.1 
34-1 New Providence 8.0 127.5 11.4 112.6 17.8 105.2 
12-1 Kope 7.6 131.9 13.0 116.3 14.2 109.0 
1-1 Crab Orchard 7.5 132.5 11.4 118.6 18.1 110.5 
19-1 Newman 10.3 126.3 15.0 113.9 19.7 104.7 
32-1 Golconda 14.8 116.0 14.8 115.2 16.9 109.0 
23-1 Caseyville 7.0 132.7 12.6 121.2 14.4 115.0 
27-1 Tradewater 8.3 125.9 11.2 116.6 17.2 107.9 
33-1 Clayton-McNairy 14.7 111.4 20.3 99.2 24.6 90.9 
-------------------------------------------------------------------------------------------
1. ASTM D 1557-78, Method A 
2. ASTM D 698-78, Method A 
3. See Table 7 for Compa~tion Procedure 
densities and moisture contents of the specimens after soaking and swelling were slightly higher 
and lower, respectively, than maximum dry densities and optimum moisture contents obtained from 
ASTM D 698-78 (20) as shown in Table 9 and 10. Unsoaked maximum dry densities obtained 
from ASTM D 698 and dry densities obtained from static compaction in the KYCBR test (before 
and after soaking) are shown in figure 7. Other details of the KYCBR test procedure are contained 
in KM-64-501·76 (21). Since shales used in pavement subgrades may potentially weather and 
decay, the KYCBR tests were performed to simulate, at least to sC'me degree, the in situ 
compacted conditions. 
Unsoaked (minimum) KYCBR values are shown in Table 9. Those values ranged from 15.1 
to 46.4 and averaged 26.8 percent. All shale specimens exhibited high unsoaked KYCBR values. 






























o NE"W ...uwno t-a N CIIAI OfiiCI-WtO I • I 
/:,. """a: Il-l • IIOPt U-1 
+ DlltAIIUl•l II II OPt ( 127~) U- I 
• t.A:sf.YVIU! 2l-1 • !OOI.COHQ& .U-1 / 0 'IJW)['WATtlt 27-1 .. Q..lrOftl • we ~ ll-1 .. WHeT 17•4 OMC'W~l4-1 
• + .. ~20-1 ·~lt-1 , 
• OilY DliiSITY &T rtltST PC:liU.t.TtON 7 •• ... 
• 011• DUI$1TY iUT[II $0UtNG) / • IC 
&t UCONO f'(NTIUTION ·p . ,., ... 
•• o • 
,•., r!' 
/ 
" /. • , 
• 
eo 100 110 120 130 140 150 160 
DRY DENSITY (STATIC COMPACTION I I POUNOS /CU FT I 
Dry Densities of Compacted Weathered Shale Specimens 
(ASTM D 698· 78) as a Function or Dry Densities before and 
after Soaking in the KYCBR TesL 
Triaxial Compression Tests 
Stability of a compacted shale embankment may be evaluated using either total stress 
parameters or effective stress parameters. Generally, effective stress parameters, $'and c' (the 
effective angle of internal friction and effective cohesion, respectively), have more validity than total 
stress parameters, $ and c. Total stress parameters have limited use and are dependent on 
testing conditions (26, 27). Use of effective stress parameters, however, require that pore 
27 
TABLE 9. RESULTS FROM FIRST PENETRATION (BEFORE SOAKING) OF KENTUCKY CBR TESTS USING WEATHERED SHALES 
•••••••••••••••E•••~--~~••••z••••••••••c••••••••••••••••••••••••••••~••zm=~=zz••••••e••••••••••••z~~••• 
STANDARD COMPACTION 
(ASTM D698-78,HETHOD A) 
-----------------------
HOLDING CONDITIONS 
OPT I HUH MAXIMUM IN SITU 
------------------
RELATIVE RATIO OF HOLDING 
WATER DRY WATER WATER DRY COMPAC- WATER CONTENT 
SAMPLE GEOLOGIC CONTENT DENSITY CONTENT CONTENT DENSITY MINIMUM TION* TO OPTIMUM 
NUMBER FORMATION (\I (pcf) (\I (\) Cpcf) KYCBR (\) WATER CONTENT 
------------------------------------------------------------------------·-------------------------------1-2 New Albany 19.8 96.8 1.7 13.9 112.0 30.2 115.7 0.70 
13-1 Hance 11.8 124.7 2.9 8.6 140.0 2 6.4 112.4 0. 73 
3-1 Drakes 10.3 130.2 4.5 8.7 144.3 21.4 110.8 0.69 
23-1 L.Caseyv1. 12.6 121.2 4.3 11.1 129.9 17.7 107.2 0.88 
27-1 Tradewater 11.2 116.6 5.1 10.4 127.3 4 6.4 109.4 0.93 
17-4 Nancy 12.2 119.4 4.6 8.8 134.9 1 9. 4 112.8 0.12 
20-1 Osgood 10.5 123.8 4.9 9.2 138.5 3 6. 4 111.9 0.88 
1-1 c. Orchard 11.4 118.6 8.4 10.8 113.7 2 2.9 113.7 0.95 
12-1 Kope 14.5 117.6 8.3 12.9 126.5 1 8. 7 107.5 0.89 
35-1 Kope (1275) 13.0 116.3 12.9 128.9 3 2.1 110.9 0.99 
32-1 Golconda 14.8 115.2 8.0 13.9 122.9 1 5.1 106.7 0.94 
33-1 Clay.-HcN. 20.3 99.2 23.2 18.5 110.1 1 9.1 111.0 0.91 
34-1 N. Provid. 11.4 112.6 10.7 127.5 4 3.1 113.3 0.94 
19-1 Newman 15.0 113.9 11.6 12.9 128.6 2 6. 9 112.9 0.86 
•Relative Compaction • ratio of dry density of specimen before soaking to mdximum dry density 
TABLE 10. RESULTS FROM SECOND PENETRATION (AFTER SOAKING) IN THE KENTUCKY CBR 













































































































































pressures be known or estimated. Effective stress parameters may be obtained from consolidated-
drained triaxial compression tests or consolidated-undrained triaxial compression tests with pore-
pressure measurements. Consolidated-undrained triaxial compression tests (CIU) with pore-
pressure measurements were performed on nine different types of shales to obtain the effective 
stress parameters of the compacted weathered shales. 
Triaxial specimens were compacted to the maximum dry densities and optimum moisture 
contents determined from the compaction phase of the testing program. Tests were performed on 
specimens remolded to standard compaction (ASTM D 698-72), modified compaction (ASTM D 
1552-78), and a low-energy compaction as described previously. These tests were performed at a 
constant rate of axial deformation of 0.001 inch per minute that was sufficiently small so that pore-
pressure equalization was satisified (28). The specimens measured 2 inches in diameter and 4 to 
5 inches in height. Filter paper strips were mounted along the length of each specimen to permit 
more rapid equalization of pore-water pressure. To prevent air from entering the specimen through 
the rubber membrane when the cell pressure was applied, water was used in the chamber as the 
confining medium. 
In performing consolidated-undrained triaxial compression tests with pore-pressure 
measurements, saturation of the specimens is essential to avoid pore-pressure lag during the 
shearing stage. To facilitate saturation and force air bubbles into solution and to insure that the 
specimens were saturated, a back· pressure technique similar to the one described by Lowe and 
Johnson (29) was used. In this method, a vacuum was applied to the top of the specimen, which 
evacuated the pore spaces of the specimen, and de-aired distilled water was allowed to flow 
upward through the specimen. Flow through the specimen and top drainage line was generally 
continued for some 20 minutes until the presence of air bubbles was largely insignificant and a 
clear flow of water was observed. After saturation, the specimen was consolidated to the desired 
effective stress. The cell pressure and back pressure were adjusted to obtain the desired 
consolidation pressure. The consolidation pressure was applied in one increment. The pore-water 
drainage line was opened and the amount of water expelled or absorbed by the specimen was 
measured, using a burette, as a function of time. In most cases, the compacted specimens 
absorbed water. To provide reasonable assurances that the specimens were saturated, all 
specimens were allowed to consolidate (or absorb water until absorption had ceased) for a 
minimum of 24 hours under the desired back pressure and cell pressure. 
After consolidating the specimens, but before applying axial loads, the saturation of each 
specimen was checked using the technique described by Bishop and Henkel (28, 30). In this 
method, the cell pressure is increase while the drainage line leading to the specimen is closed, and 
the increase in the pore pressure is noted. The "8" pore-pressure parameter is calculated by a 
formula given by Skempton (31): 
30 
in which b.u =pore-pressure increase due to a cell-pressure increase, 
b.cr1 = increase in the major principle stress, 
b.cr3 =increase in the minor principle stress, 
n =porosity of the specimen, 
Cw =compressibility of water (constant), 
Cc =compressibility of the material (shale) skeleton, and 
A =a pore-pressure parameter. 





For a fully saturated and soft specimen, the value of Cc in Equations 1 and 2 is so large that the 
term n(Cw I C0) is negligible and B is essentially 1. This fact is routinely used to determine 
whether or not a specimen is fully saturated. However, for stiff compacted shales, Cw becomes 
significant relative to C0 and the term n(Cw I C0 ) is not negligible; hence, B may be less than 1. 
Although a B of less than 1 may be obtained for stiff compacted shales, the degree of saturation 
may still be close to 100 percent (32, 33). Consequently, values of B slightly less than 1 were 
accepted for the stiff compacted shales and the back-pressure technique described previously was 
relied upon to insure specimen saturation. 
After the specimen was saturated, the axial load was applied. During loading, no drainage 
was permitted. Pore pressures were measured using a pore-pressure transducer. Axial 
deformations and load were measured b a LVDT (Linear Variable Differential Transformer) and a 
load cell, respectively. An IBM-XT personal computer was connected to the pore-pressure 
transducer and load cell and used to collect the triaxial data. Hence, all data were recorded 
automatically and stored for future reduction, plotting, and analysis using an unpublished triaxial 
31 
computer program developed by the author. The data were plotted by computer on a p'-q diagram 
(34, 35). In this plot, p' and q values are determined from the following equations: 
and 
in which cr'1. = major principle effective stress and 
cr' 3 = minor principle effective stress. 
The effective stress cr'1 is !elated to total stress cr by 
cr'=cr-u 




Typical p' -q stress paths for triaxial tests performed on the New Albany Shale are illustrated in 
Figure 8. The failure line, or :Kr·line, is the upper bounds of the p'-q stress paths and is related to 
ttw Mohr-Coulomb failure envelope by the relationships shown in Figure 8. 
Two failure criteria - the maximum principle stress difference or ( cr'1 - cr' 3Jr and the 
maximum principle stress ratio ( cr'1 I cr' ~r -- are commonly used to define the Mohr-Coulomb 
effective stress strength parameters. The Mohr-Coulomb failure condition, in terms of principle 
stresses, is 
(7) 
Equation 7 may be rearranged in the following form, as shown by Hvorslev (35), 
(8) 
As noted by Hvorslev (35), Equation 8 shows that the maximum values of 
(cr'1 I cr'3lr and (cr'1 - cr'3)r occur simultaneously, or at the same strain, when cr'3 is held constant. 
32 
In consolidated-undrained tests on fully saturated soils, cr' 3 cannot be held constant, although it 
may be held constant in some undrained tests on partially saturated soils. For drained tests, the 
two failure criteria coincide. With increasing strain during undrained testing on saturated and 
normally consolidated clays, cr'3 decreases (pore pressures tend to increase). For this case, the 
maximum value of (cr'1 / cr' ~r may be obtained after the maximum value of (cr'1 - cr' ~ has been 
attained. In contrast, during undrained testing of fully saturated and overconsolidated clays (such 
as the compacted shale specimens in this study), cr'3 increases with increasingstrain, since the 
pore pressures tend to decrease with increasing strain. In this case, the maximum value of 
(o-'1 / cr'3)r may be obtained before the peak value of (cr'1 - cr'3)r is attained. According to 
Hvorslev, the use of the maximum principle stress ratio criterion generally produces greater values 
of <j>' and smaller values of c' than those obtained using the maximum principle stress difference 
criterion. 
The choice of which failure criterion to use for compacted materials has been discussed by 
Drnevich et al. (26, 27). The reasoning is summarized as follows: 
1. The shear strength based on the peak value of (cr'1 - cr'3) may be significantly larger 
than the first pcint of failure as shown by Point bin Figure 8. This may yield an unconservative 
result. 
2. The stress path in Figure 8 curves upward along the ~ - failure line. A departure from 
the ~-line may occur at large strains and may be due in part to a violation of the assumption 
regarding specimen cross-sectional area changes. 
3. The Kr -line formed using stress pcints from the maximum principle stress difference 
criterion for tests performed at different confining stresses but on the same material will tend to 
have a smaller slope and a slightly larger intercept than corresponding values based on upper 
bounds of the stress paths. Values of <j>' and c' obtained from the maximum stress difference 
failure criterion will be lower and higher, respectively, than <j>'- and c'-values obtained from the 
maximum stress ratio criterion. 
4. In terms of stress path, the maximum principle stress ratio failure criterion defines failure 
at a point when the ratio (cr'1 / a'~ is a maximum and this point occurs when the slope of a line 
connecting the stress point and the origin is a maximum. This point, as illustrated in Figure 8, 
occurs just before but is close to the point marked b. The two pcints coincide when the cohesion is 
zero. Hence, for compacted materials that exhibit no or small values of cohesion, the maximum 
principle stress ratio may be a proper choice. However, as noted by Hvorslev (35) and Taylor (cf 
35), the maximum principle stress ratio failure criterion may lead to inconsistencies when the 
material is assumed to conform to the Mohr-Coulomb criterion and when the Mohr-Coulomb 
envelope does not pass through the origin. 
33 
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Figure 8. Kr-Failure Line and Effective-Stress Path Obtained from 
Consolidated-Undrained Triaxial Compression Test with Pore-
Pressure Measurements. 
For compacted shales, AbeyeseKera et al. (33) believe that the effective stress strength 
parameters are more appropriately defined by the maximum deviator stress failure criterion than 
those defined by the maximum principle stress ratio failure criterion. This conclusion was reached 
alter a detailed study of the behavior of the New Providence Shale. In that study, a number of 
variables such as dimensions of the specimen, maximum size and gradation, initial moisture 
content, compactive technique, and molding water content, were considered. Some important 
results of their study may be summarized as follows: 
1. The Mohr-coulomb strength envelope (on a p'-q diagram) defined by the (cr'1 I cr' ~ 
failure criterion lies above the envelope defined by the (cr'1 - cr' ~failure criterion. 
2. When the (cr'1 - cr' ~ failure criterion was used, the relationship between p'1 and q1 
(failure points) was distinctively linear and exhibited little data scatter. 
3. When the (cr'1 I cr' ~ failure criterion was used, there was noticeable data scatter in the 
p'(q1 plot. 
4. The maximum value of (cr'1 I cr'3) generally increased with consolidation pressure and 
increasing density and the failure strain increased with decreasing density. 
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It is the viewpoint of Abeyesekera et al. that the maximum value of (cr'1 I cr'3) depends on 
interlocking of particles or chunks of shale. Since the shale aggregates or chunks may degrade (or 
slake) with time, then the interlocking of the shale aggregates may decrease with time. Hence, in 
their viewpoint, the (cr'1 - cr' ~ failure criterion is the most appropriate choice for defining the 
effective stress strength parameters for compacted shale embankments. 
For the consolidated (isotropically) undrained triaxial compression tests with pore pressure 
measurements reported herein, both the (cr'1 - cr' ~ and (cr'1 I 0"3) failure criteria were used to 
define the effective stress strength parameters, cp' and c'. In the computer program used to reduce 
the data, both f and c' obtained from the two failure criteria are computed; plots of effective stress 
paths and ~-failure lines also are obtained. The program determines the values of the pore-
pressure parameter A1, pore pressures, and failure strains occurring at the peak values of 
(cr'1 - cr'3) and (cr'1 I cr'3). This program also uses a linear regression analysis to determine the 
best fit of the p'-q points occurring at the peak values of (cr'1 - cr'3) and (cr'1 I cr' ~· Effective stress 
paths and ~-failure envelopes obtained from the undrained triaxial tests on specimens 
remolded to conform to modified, standard, and low-energy compactive efforts and defined by peak 
values of (cr'1 - cr'3) and (cr'1 I 0"3) are shown, respectively, in APPENDIX F and APPENDIX G. 
Values of <j>' and c' defined by the (cr'1 - cr' ~ failure criterion and (cr'1 I cr'3) failure criterion are 
shown in Table 11. Values of failure strains, pore pressures, and A1 values defined by the 
(cr'1 - cr'3) and (cr'1 I 0"3) failure criteria and Skempton's pore pressure parameter B, obtained 
from the triaxial shale specimens that were remolded to standard, modified, and low energy 
compaction are summarized in Table 12. Target values of molding water contents and. dry 
densities used in forming the triaxial specimens correspond to maximum values of optimum water 
contents and maximum dry densities obtained using the three compactive energies. The target 
values are listed in Table 8. 
Swell Tests 
Swell-deflection and swell-pressure tests were performed in a consolidometer. Detailed 
testing procedures have been presented elsewhere (12). The swell-deflection and swell-pressure 
tests were performed on air-dried core specimens of NX size -- 2 118 inches (54 mm) in diameter 
and 1 inch (25 mm) in height. The swell tests were performed on eleven different types of shales 
selected from Table 1. Those shales exhibited a wide range of slake-durability indices. Results 
obtained from the swell tests are summarized in Table 13. Generally, the coefficients of swell and 
swell strains obtained from time-swell curves (as shown in Reference 12) were smaller for shale 
specimens having high slake-durability indices than specimens having low slake-durability indices. 
Such clay shales as the Henley (17-3 (1 and 2)) exhibited high swell pressures and high values of 
water content after swell. 
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TABLE 11. EFFECTIVE STRESS PARAMETERS 
==~========~===========•=====a~=============================••~•==========================•=•==== 
MODIFIED COMPACTIONl STANDARD COMPACTION2 LOW-ENERGY COMPACTION3 
GEOLOGIC +' c' . ' c' +' c' 
FORMATION (degrees) (psf) (degree5) (psf) (degrees) (ps£) 
-------------------------------------------------------------------------------------------------
FROM STRESS-DIFFERENCE FAILURE CRITERION 
New Albany 37.4 2,269.2 41.4 28.1 37.2 0.0 
Hance 25.9 1,833.4 30,. 4 678.2 27.1 512.1 
Drakes 28.8 1,-114.0 30.4 709.7 32.6 268.2 
Nancy 25.5 962.3 28.7 320.1 28.0 259.7 
Osgood 27.0 1,185.7 28.2 776.2 28.5 401.9 
New Providence 25.5 1,013.4 27.5 335.3 27.2 39.9 
Kope 27.8 576.0 28.0 92.3 28.4 27.1 
Crab Orchard 23.0 1,210.9 23.9 768.4 24.2 571.9 
Newman 23.9 1,130.3 22.7 932.2 24.0 764.5 
FROM STRESS-RATIO FAILURE CRITERION 
New Albany 43.7 ,1,536.0 40.7 790.1 37.6 302.9 
Hance 27.4 1,511.3 31.7 498 .5 27.2 507.6 
Drakes 26.8 891.8 34.4 401.5 34.0 200.8 
Nancy 25.8 964.8 29.5 500.2 29.0 209.0 
Osgood 27.0 1,168.4 27.2 776.2 28.5 401.0 
New Providence 26.8 891.8 29.8 152.9 27.7 0.0 
Kope 27.4 769.7 29.5 43.0 29.3 30.9 
Crab Orchard 24.3 1,112.7 23.8 820.4 24.6 582.3 
Newman 26.7 8 92.5 24.0 790.1 26.0 635.5 
1. ASTM D 1557-78, Method A 
2. ASTM D 698-78, Method A 
3. See Table 7 for compaction procedure 
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TABLE 13. RESULTS FROM SWELL-DEFLECTION AND SWELL-PRESSURE TESTS 
TIME TIME 
COEFFICIENT FINAL TO REACH MAXIMUM TO REACH 
VERTICAL OF SWELL WATER MAXIMUM SWELL MAXIMUM 
SAMPLE STRAIN (sq m/year) CONTENT DEFLECTION PRESSURE PRESSURE 
NUMBER GEOLOGIC FORMATION (%) t log t (%) (minutes) (psi) {minutes) 
---------------------------------------------------------------------------------------------------------------
1-2 New Albany 0.69 0.03 0.03 1.4 1,600 4.1 1,500 
w 17-2 (1) Sunbury 3.70 0.55 0.89 4.5 1, 725 (I) 17-2 (2) Sunbury 6.02 0.78 0.67 4.9 1,610 49.5 500 
13-1 Hance 4.37 0. 72 0.67 3.6 1,425 37.4 400 
17-1 Bedford 8.13 1.62 1.49 11.4 250 17.8 200 
17-3(1) Henley 14.23 0.75 0.28 10.8 300 74.1 1,340 
17-3 (2) Henley 17.11 1.18 0.44 12.5 400 53.6 385 
5-1 Nancy 4.69 3.18 5.31 8.0 132 13.0 200 
17-4 Nancy 7.30 2.31 1.48 8.1 230 33.8 385 
20-1 Osgood 13.26 0.70 0.39 12.7 200 12.7 250 
1-1 Crab Orchard 13.89 1. 95 0.57 24.9 1,400 7.9 355 
12-1 Kope 17.98 1.11 1.14 18.4 100 47.9 320 
33-1 Clayton and McNairy 14.26 0.51 0.56 34.4 100 
33-1 A Clayton and McNairy 18.58 0.50 0.27 36.5 100 28.0 200 
2-1 Continental Deposits 7.86 0. 42 0.33 26.1 475 8.5 225 
---------------------------------------------------------------------------------------------------------------
Mineralogy 
The detailed testing procedures used to determine mineralogy of the various shales listed in 
Table 1 have been given in Reference 12 and are beyond the scope of this report. The procedure 
included performing tests on seven different particle-size fractions (12). The mineralogy also was 
determined on the whole sample, including all fractions. The mineralogy, as determined on the 
whole sample of the various shales, is summarized in Table 14. 
Shore Sclerescope 
The Shore scleroscope measures the resilience or hardness of rock core specimens by 
dropping a diamond-tipped rod from a fixed height and measuring the rebound. The Model D 
Shore scleroscope was used. A series of 100 tests was performed on each core specimen 
selected for testing. An average value was obtained. Other testing details are contained in 
Reference 12. Average Shore scleroscope values obtained for 14 selected shales are shown in 
Table 15. Standard slake-durability index as a function of the average Shore scleroscope reading 
is shown in Figure 9. 
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SHORE SCLEROSCOPE READING 
Average Shore Scleroscope Values of 14 Selected Shales as a 
Function of Slake-Durability Index D10• 
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1'Al!L!·: 14. MINERA!.OGY or· f:AC!l SIIALE SAMPLE 
SAMPLE MICA 
NUMBER GEOLOGIC FORMATION QUARTZ trLLlTEI 
---------------------------------------------------------
l-2 New Albany 66.2 31.8 
17-2 Sunbury 66 21 
13-1 Hance l6 32 
8-lA Lower Clays Ferry 6 3 
3-l Upper Drakes 66 18.5 




25-1 Lisman l6 39 
11-) Breathitt 26 
" 28-1 Kincaid 36 34 
18-1 Nada 25 40 




23-1 Lower Caseyville 24 33 
26-l Upper Carbondale 21 29 
,!>. 
..... 5-l Lower Nancy 22.8 37.9 
4-l Upper Nancy 24.8 35.4 
27-1 Tradewater 26 33 
16-1 Lee 25 24 
l 7-4. Nancy 22 39 
21-1 Conemaugh 22 36 
B-lB Lower Clays Ferry 21 
" 20-l Osgood 23 32 
26-2 Lower Carbondale l2 42 
11-2 Breathitt 21 32 
1-l Lower Clays Ferry l6 21 
18-2 Nada l6 43 
24.-1 Lower Carbondale 32 33 
)0-1 Tar Springs 51 25 
10-1 Crab Orchard ll 29 
29-1 Menard 26 46 
l-l Crab Orchard 25.9 :>9 .1 
12-l Kope l9 33 
32-l Golconda 
" " 31-1 Hardinsburg 46 36 
33-l Clayton and McNairy 30 30 
15-1 Lee 40 l6 
2-l Continental Oeposits 22 l6 
19-1 Newman 34 

























































































TABLE 15. AVERAGE SHORE SCLEROSCOPE 
VALUES OF SELECTED CORE 



















































• Value shown is an average of 100 
strikes of core specimen. 
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EXPERIMENTAl SHALE TEST EMBANKMENTS 
In 1987, three experimental shale test embankments were constructed on KY 11 in Lee and 
Wolfe Counties. The reconstruction project is located approximately 6 miles south of Natural 
Bridge State Park. The project alignment begins at Station 260+00 approximately 1 ,300 feet south 
of the intersection of existing KY 11 and KY 498. The end of the project is located at station 
576+50. At this point, the project alignment meets existing KY 11. Total length of the project is 
about 6 miles. The project is located in the Eastern Coal Field Physiographic Region. Topography 
is moderate mountainous terrain. Local relief is about 200 feet and reaches from elevation 1 ,040 
to 1,240 feet. Bedrock along the alignment is sandstone shale, and coal of the Breathitt Formation 
and sandstone of the Lee Formation (Pennsylvanian System). Preliminary results from the three 
test embankments are described below. A more detailed report will be issued later. 
The three test embankments are located at Stations 288+50, 498+50, and 556+50. In each 
case, the lower portions of the.embankments were constructed of shales that classified either as 
intermediate (50< D10 < 95 percent) or soil-like (D10 <50 percent). Configurations of the 
embankments and limits of the shale placements are shown in Figures 10, 11, and 12. Standard 
slake-durability values, D10• and slake-durability indices based on the 60-minute cycle test (D60) of 
the shales used to form the lower portion of the test embankments ranged from 48 to 89 percent 
and from 0 to 73 percent, respectively. The intermediate and soil-like shales were compacted 
according to the special provision included in APPENDIX A. The shales were compacted in 8-inch 
loose lifts. After adding water, the shales were broken down using several passes of a 36·inch 
gang disk, until the material appeared to be uniformly mixed. The special provision requires two 
heavy-duty compactors - a 60,000-pound static stamping-foot roller and a 55,000-pound vibrating 
roller. These are minimum weights. The intermediate and soil-like shales of the test fills were 
compacted with a CAT 825 static tamping-foot roller weighing 71 ,429 pounds. A minimum of two 
passes, as specified in the special provision, was used. Actually, more than two passes were used 
on several occasions. Three different vibratory compactors (Raygo ® 4200, Dynaupac ® CA25, 
and lngolsall Rand® SPF56) were used at different times to complete the final compaction. Three 
passes were required. The operating weights of these three compactors were 26,900, 24,400, and 
22,500 pounds, respectively. Centrifugal force were 50,000, 44,000, and 42,000 pounds, 
respectively. Total compactive weights were 76,700, 68,400, and 64,500 pounds, respectively. 
A nuclear density gage, sand-cone apparatus (6-inch diameter), and a drive cylinder (4-inch 
diameter) were used to perform field density tests on various lifts of the test fills. Sand-cone tests 
were performed following procedures of ASTM D 1556-82. Drive cylinder tests were performed in 
accordance with ASTM D 2937-83. Nuclear density tests were performed following procedures 
outlined by the manufacturer (Troxler ®) of the equipment. Field moisture contents and dry 
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Figure 10. Configuration of Experimental Shale Test Embankment Located 
at Station 288+50, KY II. 
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Figure II. Configuration of Experimental Shale Test Embankment Located 
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Figure 12. Configwation of Experimental Shale Test Embankment Located 
at Station 556+50, KY 11. 
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125.9 11.8 128.9 96.48 61.94 
" 
1083 ... 124.8 
" 
1084 115.4 13.8 123.4 69.96 43-59 
" 
1085 ... 127. s 
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" 
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'·' 
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22 
'-' 115.5 8 .• 124.0 
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To control field compaction of shales, laboratory moisture-density tests are necessary. 
Since shales exist in an indurated and massive form in nature, a question arises concerning how a 
given shale should be broken down or what gradation should be used in the laboratory tests that 
would simulate the gradation in the field. Consequently, laboratory moisture-density tests were 
performed using different methods of preparing the shale samples. In one series of compaction 
tests, the shales were crushed using a rock crusher and the tests were performed on material 
passing the 3/4-inch sieve. In another series, only material passing the No.-4 sieve was used. 
In ASTM D 698-78, standard test method for determining the moisture-density relations of 
soils and soil-aggregate mixtures, four procedures are cited. If the material retained on the No.-4 
(4.75-mm) sieve is less than seven percent, then Methods A (a 4-inch mold and material passing a 
No.-4 sieve) or Method B (a 6-inch mold and material passing a No.-4 sieve) may be used. If the 
material retained on the No.-4 sieve is greater than seven percent, the ASTM procedure 
recommends Method C (6-inch mold and material passing a 3/4-inch sieve). In each of these 
cases, the material retained on the No.-4 sieve or 3/4-inch sieve is discarded and no oversize 
correction is made. However, if the material retained on the 3/4-inch sieve is greater than 10 
percent, but less than 30 percent, then Method D (6-inch mold and material passing the 3/4-inch 
sieve) is recommended. In Method D, the material passing the 3/4-inch sieve is corrected by 
replacement for material retained on the 3/4-inch sieve. Material passing the 3-inch sieve and 
retained on the 3/4-inch sieve is replaced by an equal amount of material passing the 3/4-inch 
sieve and retained on the No.-4 sieve. 
If more than 30 percent of the material is retained on the 3/4-inch sieve, then none of the 
ASTM Methods (A, B, C, or D) may be used to determine the maximum dry density and optimum 
moisture content. In this case, another approach may be used. As given in NAVFACS (36), the 
laboratory maximum dry density and optimum moisture content obtained from standard compaction 
(ASTM D 698) may be used as reference values to which results of field density tests of materials 
having oversized particles may be compared. To adjust the laboratory maximum dry density and 
optimum moisture content obtained from standard compaction tests for comparison with field 
density data of materials having oversized particles, the following equations (36) may be used: 
- 1 - (0.05)(F) 
'Ymax- F 1- F 
-+--
162 'Y1 
in which 'Ymax = adjusted maximum dry density (pel), 
y1 = laboratory maximum dry density (pcQ without oversize particles, and 
(9) 
F =fraction of oversized particles by weight (measured from field density tests) (Oversized 
particles are larger than the maximum size allowed using a given size of mold -




w. = Fw + (1 -F) w J g 0 (1 0) 
in which wi = adjusted optimum moisture content, 
w8 =moisture content of oversize particles (obtained field data), and 
w 0 = laboratory optimum moisture content without oversize particles. 
The density of oversized particles is assumed to be 162 pounds per cubic foot (bulk specific gravity 
•• 2.60 times the unit weight of water-- 62.4 pel). Equations 9 and 10 are suitable for well-grained 
materials and when the oversize material is less than 60 percent by weight. 
Kentucky Method 64-512-79 (21) contains a procedure for adjusting or correcting the 
standard laboratory density (similar to ASTM D 698-78, Method A or B) of soil-aggregate mixtures 
with oversized particles (plus No.-4 material). This method uses the nomograph shown in Figure 
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Figure 13. Nomograph for Correcting Dry Density of Materials with 
Oversized Particles (Plus No.-4 Materials). 
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ANALYSIS AND DISCUSSION 
Stability and settlement are important considerations in the design of highway embankments 
constructed of shales, cut sections in shales, and pavement subgrades constructed of shales. 
During highway corridor subsurface studies, rock core samples are normally obtained to identify 
geologic formations and to determine the types of materials that will be used in the embankments 
and subgrades. The identification of geologic formations is useful in designing cut slopes. In 
designing pavement subgrades, a knowledge of the durability and bearing capacity or bearing ratio 
of the shales is needed. In the design of slopes of highway shale embankments, as well as cut 
slopes, a knowledge of the effective stress strength parameters, <1>' and c ', of the compacted 
shales as they will exist in the embankment is required. To prevent excessive and detrimental 
long-term settlements of shale embankments, settlement characteristics or parameters must be 
known. The methods of compacting shales influence the long-term settlements of shale 
embankments. 
Slake-durability tests are presently performed on rock cores to estimate the engineering 
properties of shales in cut sections and predict engineering performance. Effective stress 
parameters may be estimated as shown below, or alternatively, specimens may be remolded to 
conform to some selected value of relative compaction and consolidated-drained triaxial 
compression tests or consolidated-undrained triaxial compression tests with pore-pressure 
measurements performed to obtain effective stress parameters for the design of shale 
embankment slopes. The later method is more desirable, but it does require considerable time and 
money. For large projects, where many different types of shales may be involved, the number of 
triaxial tests required may not always be reasonable. Consequently, values of <1>' and c' are often 
estimated using the approximate relationship of slake-durability and the effective stress parameters 
as shown below. 
Soil-like Shale c = 1 ,000 to 1,500 psf 
<I>'= 20'C25° and 
c' = 200 psf 
Intermediate Shale c = 1 ,000 to 1 ,500 psf 
<1>' = 26'C30° and 
c' = 200 psf 
Rock-like Shale c = 200 psf 
<1>' = 35"- 40° and 
c':::; 0 
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Little consideration has been given in the past to the use of shales in pavement subgrades; and, 
consequently, many pavement subgrades have been constructed using low-bearing shales. 
Moreover, little consideration was given to the compaction of shales before about 1978. 
INDEX TESTS 
As shown in Table 3, liquid limits and plasticity indices of shales selected for study ranged 
from about 20 to 36 percent and NP (non-plastic) to 18, respectively. Generally, liquid limits and 
plasticity indices were relatively low for all shales. Shales of very low plasticity were, in a general 
sense, associated with the more durable shales while shales of high plasticity were identified as 
materials of poor engineering quality. No distinctive relationship between plasticity index and other 
engineering parameters was identified. The percent P0.002 of clay particles finer than 0.002 mm 
appeared to increase as the slake-durability index increased. For example, the more durable 
shales, such as the New Albany and Sunbury, had values of P o.rm less than about 8 percent while 
such shales as the Crab Orchard and Kope had values of P0.002 greater than 20 percent. Values of 
P0.002 for all shales ranged from about 3.3 percent to 38 percent. 
Plasticity indices as a function of slake-durability indices D10 and D60 are shown in Figures 
14 and 15, respectively. As shown in Figure 16, some shales that classify as soft based on the 
decay index (Table 5) -- a value which to a large extent is a complete measurement of slake-
durability of the shale-- classify as medium using the classification in Figure 14. The decay index, 
D~o is defined in APPENDIX D. Decay indices for the shales selected for testing are shown in 
Figure 16. Furthermore, certain shales characterized as intermediate by the decay index classify 
as medium or high based on the divisions in Figure 16. Results obtained from the 60-minute, one-
cycle slake-durability test, as plotted in Figure 15, appear to provide a better means of 
characterizing Kentucky shales than the divisions in Figure 16. Based on indices obtained from the 
60-minute, one-cycle (air-dried material) slake-durability test, the following classification is 
proposed: 
D60 DESCRIPTION 
0-25% Soft -- very low slake-durability 
0-50% Intermediate -- low slake-durability 
50-75% Intermediate-- medium slake-durability 
75-85% Hard-- medium high slake-durability 
85-95% Hard -- high slake-durability 
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NATURAL WATER CONTENTS 
Natural water contents of the shales, as shown in Table 3, ranged from 1.7 to 23.7 percent. 
This simple inexpensive test appears to be a fairly good predictor of the engineering properties of 
shales. For example, in Figure 17, the clay fraction, or P0.002, obtained from the hydrometer test 
(shales were crushed to pass the No.-1 0 sieve) is shown as a function of the natural water content. 
The clay fraction may be estimated from 
P0.002 = 4 + 3.93 w.- 0.106 w!. (11) 
The clay fraction, as determined from either the hydrometer test or mineral analysis test, may in a 
very general and subjective sense be used to characterize and forecast the field performance of 
different types of shales. Numerous highway stability and settlement problems have been 
encountered during and after construction in such shales, for example, as the Kope and Crab 
Orchard, which usually contain relatively large percentages of clay-size material (more than 
approximately 25 percent). In contrast, few construction problems have been encountered with 
such shales as the New Albany and Sunbury, which have clay fractions less than about 10 percent. 
Generally, most highway problems encountered have been with shales that have clay fractions 
greater than about 18 percent. 
Slake-durability indices (D10 and D60) were plotted as a function of natural water contents in 
Figures 18 and 19, respectively. Although there is considerable scatter in the data, a relationship 
is implied -- as the natural water content of a shale increases, the slake-durability index tends to 
increase. In Figure 20, the variation of the square root of the slake-durability decay index D1 (as 
defined in Reference 12 and APPENDIX D) is shown as a function of the natural water content. 
Although there is scatter in the data, the decay index may be approximated from 
·2.0861ogw 2 
01=24434( 10 ") . (12) 
The most important feature of the curve in Figure 20 is the sharp bend or "break" in the curve near 
a natural water content of about 3.5 percent. As the natural water content decreases below 3.5 
percent, the slake-durability index increases rapidly. This suggests that major shale categories 
may be distinguished on the basis of natural water content. For example, shales having water 
contents below about 3.5 percent may be classified as hard or rock-like; shales having natural 
water contents greater than about 3.5 but less than about 7.5 may be classified as intermediate. 
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An approximate but reasonable correlation between natural water content, w,, and bearing 
ratio (soaked Kentucky CBR), BR., may be estimated from the curve in Figure 21 or from 
(-1.551ogw ) 
BR = (76.74) 10 • . 
• 
(13) 
Equation 13 provides a rapid means of not only estimating the bearing ratio of a shale but also 
serves to identify shales that may be unsuitable for use in pavement subgrades. 
A reasonable correlation between the effective stress parameter <!>' obtained from 
consolidated-undrained triaxial compression tests with pore-pressure measurements and 
specimens remolded to standard compaction (ASTM D 698-78) and the natural water content is 
shown in Figure 22. Values of <!>' of a shale compacted to standard density and moisture content 
may be approximated from 
(-0.2841ogw I 
cf=(45.14)10 "'. (14) 
Based on Equation 14, rock-like shales that have natural water contents equal to or less than about 
3.5 percent and when compacted according to ASTM D 698 have <1>' -values ranging from 31.6 
degrees to about 39 degrees. If the natural water content of the shale (soil-like) is equal to or 
greater than about 7.5 percent, then the <!>'-value is 25.5 degrees or lower. For intermediate 
shales (w, ranging from 3.5 to 7.5 percent) the <!>' -values range from about 25 to 32 degrees. 
SPECIFIC GRAVITY 
As shown in Table 3, the apparent specific gravity of the selected shales ranged from 2.24 
to 2.80. No distinctive correlations were identified between specific gravity and other engineering 
parameters. However, the very hard shales (New Albany and Sunbury - oil shales) having the 
highest values of slake-durability had low specific gravities-- 2.24 and 2.29, respectively. All other 
shales had specific gravities that ranged from 2.63 to 2.80. 
JAR-SLAKE TEST 
Categorical numbers obtained from the jar-slake test, which describes subjectively the 
slaking behavior of a shale when completely immersed in water, are shown in Table 5. Views of 
selected shales prior to immersion and the slaked condition after soaking for 24 hours have been 
shown elsewhere (12). Generally, the reactions of most shales with water occurred within the first 
30 minutes after immersion and in many cases within 10 minutes. 
The group of shales that classified as low or soft, as shown in Figure 16, according to the 
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slake-durabHity decay index had a jar-slake number of 1 or 2. Eighty percent of the group had a 
jar-slake number of 1. This group of shales had low slake-durability decay indices and, when 
immersed in water, either degraded to a pile of flakes (or mud) or broke rapidly and (or) formed 
many chips. The group of shales identified as hard in Figure 16 had a jar-slake number of 5 or 6 
and high slake-durabHity decay indices. Hence, for both the hard and soft groups of shales --
grouped according to slake-durability decay indices -- there appeared to be good correspondence 
between jar-slake numbers and slake-durability indices. However, for the group of shales 
classified as intermediate according to ·the decay indices, a variety of slaking reactions were 
observed. Jar-slake numbers ranged from 2 to 6. As shown in Figure 23, the relationship between 
jar-slake numbers and slake-durability decay indices is not clearly defined, although a trend is 
present. Consequently, because of the wide range of jar-slake numbers for the intermediate group 
of shales, the jar-slake test, as originally proposed (37, 38), is not too reliable for broadly 
characterizing the slake-durabiity properties of shales (a similar conclusion was reached by Lutton 
(37)). 
The following observations are made concerning the jar-slake number of a given shale: 
1. If the jar-slake number is 1 (degrades to piles of flakes or mud), the shale may be 
considered with a high degree of certainty to have low or very low slake-durabHity properties and 
will most likely be a problem shale. The bearing ratio of the shale when compacted will be 
relatively low (KYCBR < 3 or 4) and the effective stress strength parameter <j>' will be relatively 
low W < 25°). Generally, the natural water content is probably greater than about 6 or 7 percent. 
The clay fraction of the shale, P0.002, is probably greater than about 20 percent. Basically, the jar-
slake test is useful for identifying very poor shales Uar-slake number equal 1 ). 
2. If the jar-slake number is 2, the shale has either low or intermediate slake-durability 
properties. No distinction can be made between these two groups. Some problems may be 
encountered when using these shales for construction purposes. 
3. If the jar-slake number is 3 or 4, the shale most likely has intermediate slake-durability 
properties. No distinction can be made between these two groups. Some problems may be 
encountered when using these shales for construction. 
4. If the jar-slake number is 5 or 6, the shale has either intermediate or high slake-durability 
properties. No distinction can be made between these two groups. These shales might be 
expected to pose few problems when used in construction. 
The slaking reactions of shales to water appear to be partly related to and somewhat 
controlled by the clay content. As illustrated in Figure 24, a very general relationship betvveen clay 
content and jar-slake number appears to exist. Although considerable scatter is present, the trend 
indicates that as the jar-slake number increases, the clay content decreases. The clay content, 
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p 0.002 "' 35.3 - 4.6 J ,. (15) 
Considering that clay content strongly influences the engineering behavior of a shale, the jar-slake 
number may be a good general indicator of the general engineering behavior of a shale. For 
instance, a shale having a jar-slake number of 5 or 6 might be expected to have better engineering 
properties than a shale having a jar-slake number of 2, even though both shales may have 
intermediate slake-durability properties. 
SLAKE-DURABILITY INDEX 
Indices obtained from ten different slake-durability testing procedures are summarized and 
compared in Table 5. The shales were ranked according to descending values of slake-durability 
decay indices n 1 as defined in APPENDIX D. The distribution of indices obtained from the slake-
durability decay tests is illustrated in Figure 16. Other details and detailed analyses of the slake-
durability testing procedure are given elsewhere (12, 13). Based upon the decay index test, which 
is a severe form of slake-durability testing, Kentucky shales may be divided into three fairly 
distinctive groups designated as high, intermediate, and low. Using these broad groups, 
comparisons were made between slake-durability decay values (and groups) and values obtained 
from the other nine slaking-durability testing procedures (see Table 5). Values obtained from each 
of the nine testing procedures were grouped and plotted in a manner similar to the plot shown in 
Figure 16. 
For example, values of slake-durability indices obtained from Franklin-Chandra's original 
testing procedure (18) are shown in Figure 25. The arranged order of the indices of Figure 25 is 
the same as that shown in _Figure 16. To determine the slake-durability characteristics of Kentucky 
shales, Franklin-Chandra's procedure appears inappropriate. Although both procedures indicate 
high slake-durability values for the group of shales identified as hard, the range of values from the 
Franklin-Chandra procedure were essentially uniform (93.8 to 99.6). In contrast, the slake-
durability indices of the hard group of shales varies over a wider range and shows there are some 
distinctive differences among hard shales as illustrated in Figure 16-. Similar observations may be 
made when comparing the intermediate and low indices of the decay test and Franklin-Chandra's 
procedure. Indices obtained from the Franklin-Chandra procedure indicate that certain shales 
have much higher slake-durability characteristics than those indicated by indices obtained from the 
decay test. 
Slake-durability indices obtained from a modified form of Franklin-Chandra's procedure (18) 
appear to provide slightly better distinctions among the three shale groupings. This procedure 
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Figure 25. Indices from the Franklin-Chandra Slake-Durability Test. 
uses oven-dried shale and two 1 0-minute cycles and is somewhat an accepted slake-durability 
testing procedure. However, as shown in Figure 26, this procedure tends to produce relatively high 
values for the intermediate range of shales. A testing procedure based on air-dried material and 
one 60-minute cycle appears to better differentiate th~ shales. Results obtained from the 
60-minute test are shown in Figure 27. Performing slake-durability tests using one 60-minute cycle 
and air-dried material eliminates the need for an additional cycle of testing and the need to oven 
dry the material prior to testing. The material is oven-dried only when the test is completed. In the 
two-cycle 1 a-minute test presently used, the specimen must be oven dried three times. Air drying 
the material prior to testing is a disadvantage in the 60-minute cycle test. However, in many 
instances, this requirement should not present a particularly difficult problem because there 
normally is a period between the time the shale is obtained in the field and the time it is tested. In 
using air-dried specimens, hydroscopic water contents must be obtained so that dry weights of the 
sample may be obtained. As shown elsewhere (12), the time required to air dry specimens ranges 
from 5 to 14 days. Oven drying prior to slake-durability testing, when compared to air drying, tem;ls 
to produce higher slake-durability indices than those obtained from air-dried specimens. This 
influence is shown in Figure 28. Generally, the results from the oven-dried material plots below the 
line of equality as shown in Figure 28; that is, the oven-dried indices were higher than the air-dried 
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Slake-Durability Indices from a Procedure Using Oven-Dried 
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BEARING RATIO AND SLAKE-DURABILITY INDEX 
Moisture-Density of Bearing-Ratio Specimens 
Maximum dry densities and optimum moisture contents obtained from standard compaction 
tests (ASTM D 698-78, Method A) ranged from 96.8 to 123.8 pounds per cubic foot and 10.3 to 
20.3 percent, respectively. Dry densities obtained after the first compaction (prior to the first 
penetration) in the KYCBR test generally were higher than maximum dry densities obtained from 
the standard compaction tests as shown in Table 10. Relative compaction values (ratio of dry 
density of molded CBR specimen to dry density using standard compaction) ranged from 106.7 
percent to 115.7 percent and averaged 111.2 percent. Moisture contents of the compacted 
weathered shales before soaking ranged from 8.6 to 18.5 percent. The ratio of the molding 
moisture contents to optimum moisture content ranged from 0.69 to 0.99 and averaged 0.86. The 
molding water contents of the CBR specimens were lower than the optimum moisture contents. 
However, after the shale specimens had been soaked and allowed to absorb water and swell, 
relative values of compaction ranged from 1 OQ.4 to 116.0 percent and averaged 104.6 percent. 
The ratios of the final water contents of the shale specimens after soaking ranged from 0.74 to 1.34 
and averaged 1.12. Generally, the final average water contents of the soaked specimens were 
about 1.4 percent higher than the average optimur)l water contents. 
Unsoaked (minimum) KYCBR values ranged from 15.1 to 46.4 as shown in Table 9. All 
CBR specimens exhibited large values of unsoaked KYCBR. However, after soaking, the KYCBR 
values generally decreased. The soaked values ranged from 1.5 to 33.4 percent. Unsoaked and 
soaked values of KYCBR are compared in Figure 29. The effects of water on the bearing 
strengths of certain types of shales are evident in that figure. For example, the unsoaked KYCBR 
of the Crab Orchard Shale was 23 percent and, after soaking, dropped to a value of only 2 percent. 
Use of this type of shale in pavement subgrades has lead to numerous pavement problems. The 
relationship between soaked KYCBR and maximum vertical strain (percent) obtained in the bearing 
ratio tests is shown In Figure 30. At a vertical strain of about 2.5 percent, the soaked KYCBR 
decreases. As the vertical strain (swell) increases, the soaked KYCBR falls below 10 percent. 
Below a strain of 2.5 percent, the KYCBR increases very rapidly. The relationship between 
KYCBR, BR, and vertical strain, Ey, may be expressed as 
log£ (0.7331oge -2.196) (16) 
BR5 = (60.1) 10 ' ' 
To limit large swell values in subgrades constructed of shales, soaked KYCBR values of 
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KYCBR - Slake-Durability Index Relationships 
To determine the relationship between soaked bearing ratio values, BR,, and slake-
durability, the KYCBRs were plotted as a function of slake-durability indices D 10 obtained from the 
standard procedure, Kentucky Method KM-64-513-78 (oven-dried material, two 10-minute cycles). 
The relationship (Figure 31) may be expressed as 
( 1 ) 
2 
BR, = 
10 3.57-0.00788 0 10 -0.0002170 10 (17) 
When the slake-durability index is less than about 92 percent, the bearing ratio ranges from 
approximately 1.5 to 10. To limit compacted shales in pavement subgrades to bearing ratios of 6 
or greater, the slake-durability index D10 should be 86 percent or greater. 
Variation of the soaked KYCBR, BR,, as a function of slake-durability index D60 obtained 
from the test procedure that uses air-dried material and one 50-minute cycle is shown in Figure 32. 
The bearing ratio may be approximated from 
(0.000125 D :a> 
BR = (1.891) 10 . 
• 
(18) 
From this relationship, when the slake-durabiity index D60 is less than or ecual to about 75 percent, 
the KYCBRs vary from 1.5 to 6.6. The curve in Figure 32 appears to be a slightly better 
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SHEAR STRENGTH 
Moisture • Dry Density of Compacted Shales and Triaxial Specimens 
In Figure 33, the maximum dry densities (Table 8) obtained from the nine types of shale 
using three different compactive energies are shown as a function of optimum water contents. 
Although there is some data scatter, the relationship between maximum dry density, Ydmax' and 
optimum water content, w ""'' may be expressed as 
ydmax = 150.7 - 2.46 wop<" (19) 
Actual average values of molding water content and dry density obtained in forming the triaxial 
specimens are shown in Table 17. Values of relative- compaction, corresponding to each of the 
three compactive efforts, are listed in Table 17 and averaged 97.5 percent. In Figure 34, target 
values of molding water content and dry density are compared to actual average values of molding 
water content and dry density obtained in forming the specimens. An approximate relationship 
between actual average water content, w ... and actual dry density, yd,, of remolded triaxial 
specimens may be expressed as 
Ydt = 146.4 - 2.47 W at" (20) 
Based on the data (regression lines) in Figure 34, the molding water contents and dry densities of 
the triaxial specimens were generally about 1.7 percent and 4.3 pounds per cubic foot, 
respectively, lower for all levels of compactive effort than the optimum water contents and dry 
densities of the shales determined from the thre~ different compaction tests. Relative compaction 
of the triaxial specimens, determined in this manner, ranged approximately from 94 to 97 percent. 
Effective Stress Parameters 
The effective stress parameters cp' obtained from the (cr'1 -a' :J and (cr'1 I a's) failure 
criteria are compared in Figure 35. In Figure 36, the effective stress strength parameters c' as 
defined by the (cr'1 -a' :J failure criterion are compared to those determined by the (cr'1 I a's) 
failure criterion. Generally, as shown in Figures 35 and 36, cp' and c' defined by the (cr'1 - cr's) 
failure criterion are lower and higher, respectively, than cp' and c' obtained from the (cr'1 I cr's) 
failure criterion. Also, as shown in Figure 37, failure strains obtained from the (cr'1 - cr'3) failure 
criterion are much larger than those from the (cr'1 I a' :J criterion. Generally, A,_ values defined by 
the (cr'1 - cr'3) failure criterion are larger than values defined by the (cr'1 I a' :J failure criterion, as 
shown in Figure 38. As shown in Figure 39, the pore pressures at failure, as defined by the 
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TABLE 17. AVERAGE HOLDING 11ATER CONTENTS MID DRY DENSITIES OF TRIAXIAL COMPRESSION SPECIMENS 
•••••••mm,. .... ,. .. ,.,. .. ,.,.,.,.,.,.,.,.,.,.~~~~;~;~-~~~;;~;;~:i•••••••••••••;;=:=-~;;;;;;~:z•••-••••••••~;:;:;~;-~;;;;;~:j-"""" 
t!ATER DR> RELATIVE 
SAMPLE: GEOLOGIC CONTENT DENSITY COMPACTION 
WATER DRY RELATIVE: 
CONTENT DENSITY COMPACTION 
KATER DRY RELATIW 
CONTENT DENSITY COHPACTlON 
NUMBER !'ORHATION 1\l (pcf) (\) (\) (pcfl l\1 1'1 (pcf) (\) 
1-2 New Albany 11.7 113. t 100.5. 19.9 97.9 101.1 






17-4 N!!ncy '.1 128.5 95.9 11.5 122.0 102.2 
20-l Osgood '.1 132.5 95.9 10.0 125.0 101.0 
34-1 New Providence ' .. 121.4 95.2 10 .II 110. 9 98.5 
12-1 !tope 1.0 125.2 95.0 12.0 116. 4 100 .o 
1-1 Crab Orch!!rd •. s 127.6 96.3 11.1 118.5 99.9 
19-1 Ne~n 10.7 120.7 95.6 13.2 113.0 99.2 
NOTE: Vlllues of watet: content .11nd dry densities rPpresent avenge valuelll obt.11ined 
for each aerie.11 of .11pecimans for e.11ch shale type and compactive effort. 
AVERAGE RELATIVE COHPACTION !'OR ALL SPECIMENS HAS 97.5 PERCENT 
1. ASTH 0 1557-78, Method A 
2. l\STM 0 698-78, Hethod A 
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Figure 37. Failure Straius by !he (cr'1 - cr'3) Failure Criterion as a Function of 
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Predictions from Simple Index Parameters 
In developing a simple means for estimating the effective stress shear strength parameters 
cp' and c' of compacted shales, several correlations with simple index parameters were attempted. 
Correlations between liquid limit, plasticity index, or slake-durability indices did not exhibit 
distinctive or reliable correlations. However, reasonable correlations between <1>' and the ratio of 
slake-durability indices to the clay fraction, or the percent finer than the 0.002mm-size clay 
particles, were obtained. Those ratios are defined as follows: 
and 
n,o 




in which D10 = slake-durability index obtained from the standard test (KM-64-51 3-78) --oven-dried 
material, tw.o 1 0-minute cycles, 
D60 = slake-durability index obtained from the test procedure that uses air-dried material 
and one 60-minute cycle, and 
P0.002 = percent finer by weight than the 0.002-mm (clay) particles. This value is obtained 
from the hydrometer test (ASTM 0421-85 and 0422-63). The tests were performed 
on unweathered shales that had been crushed to pass the No.-10 sieve. 
Correlations between cp' (as determined from consolidated-undrained triaxial compression 
tests with pore-pressure measurements) of shales remoJded to conform to standard, modified, and 
low-energy compaction and the ratios H 10 and Hso were developed. Values of <1>' are summarized 
in Table 11. Both failure criteria, (a'1 -a'~ and (a'1 I a'~ , were used. In Figure 40, <1>' defined 
by the (a'1 - cr'3) failure criterion and obtained from specimens remolded to standard compaction 
are shown as a function of the ratio H10. Values of cp' , denoted as cp',d10 , may be estimated from 
iogH10 ( 0.03561ogH10 - 0.0525) <J>',d10 ~ (22.64) 10 
and in terms of the (0"1 I a'3) failure criterion (Figure 41) from 
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Figure40. ljl',dto as a Function of H10, S!andard Compaction. 
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Figure 41. ljl'.,10 as a Function of H10, S!andard Compaction. 
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In terms of modified compaction (Figure 42) and the (cr'1 - cr' ~criterion, the estimates are 
logH10 ( 0.03041ogH10 - 0.0558) 4>'mdlO = (23.57)10 
and in terms of the (cr'1 I cr' ~failure criterion (Figure 43), 
logH10 ( 0.03861cgH10 - 0.00657) q,'mslO = (22.92) 10 
(25) 
(26) 
For low-energy compaction and the (cr'1 - cr' ~criterion, cj>' may be related to H10 by (Figure 44) 
, logH10 ( 0.02251cgH10 - 0.03) q, !d10- (24.44) 10 (27) 
In terms of the (cr'1 I cr' ~failure criterion (Figure 45), estimates are made from 
(28) 
Values of cj>'cpd10 obtained from all specimens remolded to conform to standard, modified, and low-
energy compaction and defined by the (cr'1 - cr' ~ failure criterion are shown in Figure 46 as a 
function of.the ratios H10: 
, logH10 ( 0.03091cgH10 - 0.0509) q, cpd10 = (23.77) 10 (29) 
In terms of the (cr'1 I cr' ~failure criterion, the composite refationship (Figure 47) is given by 
, logl!10 ( 0.02621ogH10 - 0.031 ) q, cp10 = (24.35) 10 (30) 
Expressions similar to Equations 22 through 29 were developed using the ratio H60. In terms 
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Figure 45 .. •l>'u1o as a Func1ion of H10, Low-Energy Compaction. 
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Figure48. 
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cfl'mo as a Function of~ Standard Compaction. 
and in terms of the ( cr'1 I cr' sJ failure criterion (F1gure 49) 
, logH., ( 0.0201ogH60 - 0.00365 ) 
cfl sr60 = (23.64) 10 (32) 
In terms of modified compaction and the (cr'1 - cr' sJ criterion, values of q>' may be related to H60 by 
(Figure 50) 
, logH60 ( 0.0391ogH., - 0.00232 ) 
cfl md60 = (22.86) 10 (33) 
and in terms of the (cr'1 I cr' sJ failure criterion (Figure 51) 
, logH60 ( 0.0201ogH60 - 0.00365) 
cfl mr60 = (23.64) 10 (34) 
Based on low-energy compaction and the (cr'1 - cr' sJ failure criterion (Figure 52), 
, logH60 ( 0.016!ogH60 - 0.00456) 
cflld60 = (23.78) 10 (35) 
80 
and in terms of the (<i1 I <i31 failure criterion (Figure 53), 
, logH,. I 0.02171ogH,.- 0.036) 4llr60 = (26.73) 10 (36) 
For a composite fit, as shown in Figure 54, and based on the (cr'1 - cr'3) failure criterion, 
, k>gH,. I 0.02441ogH,. - 0.0324) 
4l cpd60 = (23.32) 10 (37) 
and in terms of the (<i1 I cr'3) failure criterion (Figure 55), 
, logH60 I .0262logH00 - 0.031 I 4l ~ = (24.35) 10 (38) 
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Figure 49. q,·,.-60 as a Function of~. Standard Compaction. 
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Figure 50. $'md60 as a Function of~. Modified Compaction. 
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Figure 53. 41'1>60 as a Function of Roo. Low-Energy Compaction. 
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Figure 54. oj)'cp<~60 as a Function of~. Composite Fit 
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Figure 55. oj)'"'rno as a Function of~. Composite Fit 
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No distinctive correlations were identified when the effective stress shear strengtn 
parameters c', obtained from specimens that were remolded to conform to standard, modified, and 
low-energy compaction, were plotted as a function of the slake-durability indices D10 or 0 60. 
Considerable scatter was present in those correlations and another approach was attem pled. As 
shown in Figures 56 through 64, fairly good linear correlations were obtained when the logarithm of 
the effective stress parameter c', (obtained from specimens remolded to standard, modified, and 
low-energy compaction) and defined by the (0"'1 - cr' a) failure criterion were plotted as a function of 
the molding water contents of each shale type. For example, the effective stress parameter c'd1o, 
defined by the (0"'1 - cr' a) failure criterion for the New Albany shale, is related to the molding water 
content w m by 
(6.109 -0.236w) 
c'd1o=10 •. (39) 
For each type of shale, the relationship between cohesion and molding water content takes the 
form 
(40) 
in which Id = intercept of the logarithm of c' -w m curve of a given type of shale (stress difference 
criterion) and 
Sd = slope of the logarithm of c'-wm linear curve of a given type of shale (stress 
difference criterion). 
The intercepts (stress-difference criterion) Id10 of the linear curves in Figures 56 through 64 are 
shown in Figure 65 as a function of the ratio H10 and may be expressed by 
(logH,,l' ( 0.0238 ( logll1,l'- 0.016) Id10 = (902.6) 10 (41) 
In Figure 66, the slopes of the linear curves (stress-difference criterion) in Figures 56 through 64 
are shown as a function of the ratio H10 and are approximated by 
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Figure 65. Intercepts Idto (Based on (cr\ - cr'3)r) from the c'-wm Curves as a 
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Figure 67. Ratio H10 as a Function of Natural Water Content. 
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Substituting Equations 41 and 42 into Equation 40, the effective stress parameter c'd10 (obtained 
from the stress-difference criterion and using the ratio H10) may be approximated by 
{ 
OJ811ogH (1ooH >2(0.0Zl81iooH i)2 -0.01~} 
0.01W 10 "+ log((602.6) 10 •• 1 ) 
C'd10 = 10 D . (43) 
Hence, the effective stress parameter c' d10 may be expressed as a function of H10 and the molding 
water content wm. Presently (in Kentucky), the standard slake-durability test is performed on rock 
core samples on a routine basis. To use the concepts given by Equation 43, the hydrometer 
analysis also must be performed. These tests would be performed on material obtained by 
crushing the core specimen so that a small amount (=100 grams) passes the No.-10 sieve. fn the 
hydrometer analysis, a sufficient number of readings are obtained so that the percent by weight 
finer than the 0.002-mm size is obtained (readings normally obtained for a 24-hour period). Based 
on these two tests, the ratio H10 given by Equation 21, or alternatively Hso given by Equation 22, 
may be calculated. In lieu of performing the hydrometer analysis, estimates of H 10 may be made 
by performing natural water content determinations on the rock core specimens (Note: specimens 
must be sealed in the field so that water contents do not change during transportation). As shown 
in Figure 67, the ratio H10 may be related to the natural water content w. and approximated by 
W (0.02w - 0.664) 
H10 = 5541.4e D D • (44) 
The ratio Hso may be related to the natural water content, as shown in Figure 68, by 
W (0.0096W - 0.638) 
H60 = 3751.8e • • (45) 
Expressions similar to Equations 36 through 44 may be developed based on the (cr'1 I cr'3) failure 
criterion as shown in Figure 69 through n. Values of c' based on that criterion may be estimated 
from the following expressions: 
. c' - 1 0 I IOQI,IO- s,IO w.) 
s10- • (46) 
in which 1,10 = intercept of the logarithm of c'-wm curve of a given type of compacted shale 
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Figure 74. Relationship between c' and Wm from Triaxial Tests on Standard, 
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Figure 76. Relationship between c' and w .. from Triaxial Tests on Standard, 
Modified, and Low-Energy Compaction Specimens for the Crab 








STRESS RATIO CRITERION 
8 12 16 20 24 28 
MOLDING WATER CONTENT, • .. (%) 
Figure 77. Relationship between c' and w .. from Triaxial Tests on Standard, 
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Figure 78. Intercepts 1,10 (Based on (a'1 I a'3)r. from the c'-w,. Curves as a 
Function of the Ratio H10• 
97 
S,10 = slope of the logarithm of c'-wm linear curve of a given type of compacted shale (stress-ratio 
failure criterion). 
The intercept- H10 curve may be expressed by (see Figure 78): 
2 2 logH,.(0.1 026 I logH,J + 0.00297) 
1,10 = (1126.8) 10 (47) 
The'slope'-H10 curve (Figure 79) may be approximated from 
s,10 = (0.01) 10 (o.34slogH,ol. (48) 
and 
(49) 
As given by Equation 43 (based on stress-difference failure criterion), or by Equation 49 (based on 
the stress-ratio failure criterion), the effective stress parameter of compacted shales may be 
approximated as a function of the ratio H 10 obtained from simple index tests -- slake-durability 
index D10 and hydrometer analysis of crushed shale (percent by weight finer than the. 0.002-mm 
size and the molding water content of the compacted shale). To develop the relationship between 
c' and the molding water content of a given compacted shale, the ratio for the given shale is 
determined and various values of wm, the molding water content, are assumed and used in 
Equation 43 or 49. 
Equations based on the ratio ~ and similar to Equations 40 through 43 and 46 through 49 
may be developed. These equations in terms of ~ and the stress-difference failure criterion are 
as follows: 
The intercept (Figure 80) is given by 
(·ll.013611oQHj + 0.022211ogH.,J') 
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and the slope equation (Figure 81) is 
SdSO= (0.0135) 10 (O.SS6IogH.,). (52) 
Finally, the equation for estimating the effective stress cohesion is 
4 2 {0.0056)log"so, 
' {0.0222 ( logH.,) -0.0136 (log H., I+ 2.94516 + 0.0135W.10 .. 1 
c 1160 =10 (53) 
In terms of the stress-ratio failure criterion and Ifw, the intercept equation (Figure 82) is 
!.60 = (1371 .8) 1 O 0ogH.,)2(0.01240ogH.,)2 - 0.013) • (54) 
and the slope equation is (Figure 83) 
(55) 
and the equation for estimating the effective cohesion is 
0.0124(10QHwl .. - 0.0131~09H,/ + 3.1372 + O.OIMW 10(UI1l~ 
' - 10{10 D I C.60- (56) 
To estimate the effective stress parameter cp', any of the Equations 23 through 38 may be 
used. Generally, however, most highway embankments constructed of shales will be compacted 
according to standard compaction (ASTM D 698-72). Usually the shales will be compacted to 95 
percent of maximum dry density. Hence, Equations 23 and 24 (based on H10) or Equations 31 and 
32 (based on H60) (which are based on standard compaction) will generally be applicable. 
Considering that the relative compaction of the triaxial specimens was approximately 97 percent, 
then cp' values obtained from Equations 23 and 24 (or 31 and 32) may yield reasonable estimates 
since the embankment shales will be compacted to a relative compaction close to 95 percent. 
Using the ratio H10 and Equations 23 and 24, cp' values were computed for the various shales 
listed in Table 3. Results are summarized in Table 18 and compared to values of cp' obtained for 
the nine shale types. The estimated values are reasonably similar to values obtained from triaxial 
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H Cu.b OrchArd (0552) 57.4 23.6 23.9 25.0 23.8 
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"· 
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changes in $' for modified, standard, and low-energy compaction differed by only about 1 to 3 
degrees. Hence, Equations 23 and 24 (or 31 and 32) may be used to obtain reasonable estimates 
of <P' (alternately, if the compactive effort is known, then the appropriate equation listed above may 
be selected). Since Equations 23 and 24 (31 and 32) are unwieldly to solve, values of H10 (or H60) 
and corresponding $'values are given in Table 19. Interpolation may be used to determine values 
of <P' for values of H10 not shown in Table 19. 
In 1981, extensive studies of numerous highway embankment failures on I 75 in Boone, 
Grant, and Kenton Counties were conducted (39, 40). Embankments in those well-documented 
studies were constructed of materials from the Kope and Fairview Geologic Formations. 
Numerous settlement and stability problems have occurred on this portion of I 75. During the 
studies, some 336 consolidated-undrained triaxial compression tests with pore-pressure 
measurements were performed on undisturbed samples from numerous embankments. The 
average peak effective stress parameters <P' and c' obtained from the triaxial tests were 24.7 (± 
5.3) degrees and 368 (± 252) psi. These parameters are similar (but slightly lower) than values 
obtained from triaxial tests on remolded samples of the Kope Shale. As shown in Table 11, 
<P' and c' of the compacted specimens were slightly higher and lower, respectively, than 
undisturbed specimens from the Kope Shale embankments. Abeyesekera et al. (33) also 
performed several consolidated-undrained triaxial test with pore-pressure measurements on 
remolded specimens of the New Providence Shale. Average <P' and c' values were about 30 
degrees and 0 to 330 psi, respectively. These values are similar to $'and c' of the New 
Providence Shale obtained in this study, as shown in Table 11. Based on standard compaction, 
<P' and c' values were 27.5 to 29.8 degrees and 153 to 335 psi, respectively. 
To use Equations 43 and 49 or 54 and 56, the value of H10 or ffso must be determined and 
a molding water content selected to estimate the effective stress parameter c' of a given 
compacted shale. When the embankment shales are compacted near maximum dry density and 
optimum moisture, then the optimum moisture could be used and substituted for wm in the 
equations. Although relatively large c' values may exist at the time the shale embankment is 
constructed, a question arises concerning whether the cohesion will decrease after construction. 
As shown in Table 13, shales have a large affinity for water and tend to swell. Based on the swell 
pressure and deflections shown in Table 13 and Figure 30, shale particles will tend to swell 
(especially if they are poorly compacted) and degrade with time. As the shales swell and degrade, 
the dry density and water content of the compacted mass will decrease and increase, respectively. 
Hence, the c' value will probably decrease with time as the water content' increases. There is, 
therefore, some uncertainty in selecting a value of wm and in d~:termining a value of c' from 
Equation 43 or 49 or 54 or 56. 
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Previous studies (41, 42) have shown that, when clays of highway embankments and 
foundations (natural overburden soils) have liquidity indices less than about 0.4 or 0.5, stability 
analyses based on either total stress parameters or an effective stress analysis using peak shear 
strength parameters, s. or fP and c'P, respectively, often may yield unreliable results. The value 
of c' significantly influences the value of the factor of safety. Liberal allowance should be made in 
selecting a value of wm. Two approaches may be used. First, the values of optimum moisture 
content obtained from low-energy compaction tests (and low density tests) might be used. A 
second approach, based on previous studies, involves using values of the liquid limit and plastic 
limit of a given shale and the expression (42) 
and 
wm"' (LI)(PI) + PL 
wm"' (0.4 or 0.5)(PI) +PL. 
TABLE 19. VALUES OF DlQ AND D6o AND 
CORRESPONDING VALUES OF t' 
FROM EQUATIONS 23 ANI' 31 
DlQ 41' FROM ,, FROM 
OR D£Q EQUATION 21 EQUATION31 
-------------------------------------
3,000 40.1 39.9 
2,500 38.7 38.9 
2,000 37 .1 37.6 
1,500 35.3 36.1 
1,000 32.9 34.2 
750 31.5 32.9 
500 29.7 31.4 
400 28.8 30.6 
300 27.8 29.7 
200 26.5 28.5 
100 24.7 26.8 
75 24.1 26.2 
50 23.4 25.5 
25 22.4 24.4 
12 21.9 23.7 
6 21.6 23.2 
4 21.7 23.1 
-------------------------------------
(57) 
Values of c' obtained from Equation 43 (stress-difference failure criteria and the ratio H10) using 
optimum moisture contents obtained from standard, modified, and low-energy compaction, and 
water contents from Equation. 58 are listed in Table 20. Equation 43 is recommended for 
estimating c' values when the ratio H10 is used. When ~0 is used, Equation 53 is recommended. 
As shown in Table 20, relatively higher values of c' are obtained when optimum moisture contents 
for modified and standard compaction are used. High values of cohesion may exist when the 
embankment is constructed, but the cohesion may decrease with time, especially if the compacted 
shales exhibit high swell values as determined from bearing ratio tests or swell tests. Although the 
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standard compaction, the design should be checked using a value of c' computed from Equation 
43 based on the water content given by Equation 58. 
Slope stability analyses are frequently performed using an assumed value of c' equal to 200 
psf for compacted material. This value may in certain cases be conservative. However, for many 
types of shales (and other types of soils), this approach may lead to results that are not 
conservative, especially for shales that have a high affinity for water and tend to swell. There is a 
gradual reduction of dry density and c' with swelling and an increase of water content. Additional 
research should be directed toward studying the long-term decrease of c'. Unfortunately, the use of 
an arbitrarily selected value of c' for compacted materials runs the risk of misuse by uniformed 
practitioners. 
In cases where the relative compaction is lower than about 100 percent, an equivalent water 
content w. may be used for wm. A method of selecting an equivalent water content is shown in 
Figure 33. For example, assume the optimum water content of a compacted shale is 15 percent. 
The maximum dry density is 114 pel. The shale will be compacted to a relative compaction of 95 
percent (0.95 x 115 = 108.3 pcfj -- Point a in Figure 33. From that point, a line is drawn 
horizontally until it intersects the maximum dry density-optimum water content curve (Point b). 
From Point b, a line is drawn vertically until it intersects the x-axis at w."' wm"' 17.2 percent. 
Alternatively, the value of w. may be computed from 
W 0 "' 61.3- 0.407 Rymax (58) 
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in which R = relative compaction in percent and 
ymax = maximum dry density . 
Two Failure Criteria 
Since cp' and c' values defined by the (a'1 I a's) failure criterion are generally higher and 
lower, respectively, than values obtained from the (a'1 - a's) failure criterion, then it is unclear 
which set of values of cjl' and c' to use in a given stability analysis. For example, cjl' and c' of 41.4 
degrees and 28 psf, respectively (defined by peak values of (a'1 -a's), for New Albany shale 
specimens remolded to standard compaction yield much lower factors of safety than cjl' and c' of 
40.7 degrees and 790 psf (defined by peak values of (a'1 1 a's)) (see Figure 8). However, 
cjl' and c' of 30.4 degrees and 678 psi based on standard compaction and peak values of 
(a'1 - a's) of the Hance Shale would yield higher factors of safety than the cjl' and c' of 31.7 
degrees and 499 psi defined by peak values of a'1 I a's· The factors of safety obtained from either 
set of parameters may depend upon the pore pressures assumed (or measured) in the analysis, 
since the cohesive component is not dependent on pore-water pressure and effective stresses and 
since the portion of shear strength resulting from cjl' is dependent on effective stresses and pore-
water pressure. Consequently, both sets of parameters should be defined during the analysis of 
consolidated-undrained triaxial tests (with pore-pressure measurements) and both sets of 
parameters should be used in the stability analysis to determine which is more conservative. 
Alternately, cjl' and c' values may be defined from consolidated-drained triaxial tests, since a'3 
may be held constant and the two failure criteria yield the same cjl' and c' values. 
SWELL TESTS 
Coefficients of swell and swell strains, Table 13, obtained from time-swell curves (see 
reference 12) were smaller for shales having high slake-durability indices than for shales having 
low slake-durability indices. Such clay shales as the Henley (17-3) exhibited high swell pressures 
and high values of water content after swell. 
Vertical strains obtained from the swell deflection tests on core specimens are shown as a 
function of the ratio H 10 in Figure 84. Although considerable data scatter is present, the vertical 
strain tv may be related to the ratio H10 by 
Ev = 32.77- 8.99 log H10. (59) 
No distinctive relationship between swell pressure and the ratio H10 was detected. As shown by 
Figure 84, when the value of H10 is smaller than about 600, the vertical strain is about B percent or 
greater. 
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However, the large values of swell pressure observed when a core of shale was confined 
and immersed in water strongly indicate that the breakdown or degrading of shale particles in 
embankments is due largely to the absorption of water and swell of the particles. The swell 
pressures appear to be sufficient to overcome vertical and lateral resistance forces in many 
embankments. This adverse condition would certainly be more pronounced in loosely placed shale 
fills subjected to infiltrating water from ground-water seepage and the penetration of surface 
waters. In loosely placed fills having large voids, shale particles, when exposed to water, are free 
to expand into the voids. Hence, the particles degrade with time into smaller particles and soils. 
As the shales expand, the densities and water contents decrease and increase, respectively, and 
there is a loss of shear strength. With a loss of shear strength, embankments settle due to 
secondary consolidation and shear strain. Previous specifications, which allowed shales to be 
compacted in 3-foot lifts, produced loosely placed fills having large voids. Hence, the special 
compaction specifications (APPENDIX A) should contribute to decreasing degradation of shales, 
since the shales are compacted to a higher degree (void ratio is reduced). The higher degree of 
compaction should decrease the permeability of the shale mass and decrease the flow of water 
into the embankment and aid in minimizing swell of the shale. 
SHORE SCLEROSCOPE 
As shown in Figure 85, the slake-durability index D10 generally increases as the Shore 
scleroscope reading S, (average of 100 tests) increases. The slake-durability index D10 may be 
related to the Shore scleroscope reading by 
D10 "' 12.4 + 2.5 S,. (60) 
However, there is considerable scatter in the data in Figure 85, and the use of the Shore 
scleroscope to identify slake-durability characteristics of shales does not appear to be reliable. The 
data indicate that, if the Shore scleroscope reading exceeds about 30, then the shale (or other 
rocks) may have very high slake-durability values (010-values greater than 98 percent). An 
approximate relationship between H10 and s, is shown in Figure 86, or 
(61) 
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MINERALOGY 
For shales listed in Tables 1, 5, and 14, the more prominent minerals were quartz, mica 
(illite), and kaolinite. Lesser quantities of chlorite, calcite, feldspar, and dolomite were present. 
Small quantities of vermiculite (less than eight percent and usually less than two percent) were 
present in eight samples. Montmorillonite clay was not encountered in any shale samples. Quartz 
was the most prevalent minerals in the samples. Two of the harder shales, the New Albany and 
Sunbury, had high prcentages (66 percent) of quartz. The Drakes also had a high percentage of 
quartz (68 percent). The samples at the upper range of durability contained higher percentages of 
quartz. The intermediate- and low-durability shales contain similar amounts of quartz. This 
condition makes correlation of durabiiity and quartz content difficult. Quartz is concentrated mainly 
in the sand and silt sizes and tends to be more concentrated in the silt-size fractions for shales 
having low slake-durability characteristics (12). Mica (primarily illite) is an expansive clay mineral 
and was common in all shales selected for testing. Low-durability shales have higher percentages 
of clay mica concentrated primarily in the silt and 2-0.2-mm clay fractions, with the 2-0.2-mm clay 
fraction containing the higher concentrations. Mica, unlike quartz, tends to increase in 
concentration as particle size decreases, except the <0.2-mm fraction contains small quantities. 
Kaolinite was less prevalent than mica in most samples. The swell potential of kaolinite is 
less than illite; kaolinite thus has less effect on the breakdown of shale when exposed to water. 
Lower-durability shales have larger amounts of kaolinite. In five of the low-durability shales, the 
percentages of kaolinite was greater than the percentages of mica. Rock-like shales had lower 
percentages of kaolinite. As with illite, kaolinite minerals have fairly equal percentages in the mid-
and low-range durability and do not correlate well with the slake-durability index. 
,. 
Traces of chlorite were present in all except two shales. Twenty of the shales had five to 
ten percent chlorite. Chlorite did not correlate well with the slake-durability decay index. The total 
amount of chlorite varied considerably without a significant difference between high- and low-
durability shales. 
Carbonate minerals, dolomite and calcite, were concentrated in the sand and silt fractions. 
Calcite was present in 21 samples and dolomite was present in 13 samples. The concentration 
was ten percent or less in most samples. Carbonate minerals could not be correlated with 
durability except in the instance of Sample 8-1A (Clays Ferry), an interbedded limestone portion of 
Sample 8-1. 
Feldspar was present in 19 samples. Concentrations were less than ten percent and in 
most samples were less than five percent. Due to the lack of significant quantities of feldspar in 
the samples, it was not considered a contributing factor to durability. 
Vermiculite and vermiculite having gibbsite interlayered were present in very small amounts 
in 11 samples. This clay mineral was detected in only the two clay fractions, with the greatest 
percentage in the 2-0.2-mm fraction. 
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EXPERIMENTAL SHALE TEST EMBANKMENTS 
Compaction Specifications 
In using shales to construct highway embankments, there is a question of how shale 
particles should be compacted and what constitutes proper compaction. For instance, certain 
shales described as soil-like tend to degrade when compacted. Further decay or slaking may 
occur due to weathering within the embankment. Additionally, the rate of decay accelerates when 
shales are exposed to water. In many cases, such shales, when excavated, have the properties 
and appearance of good sound rock. Certain shales described as rock-like, however, do not totally 
degrade when compacted and are not as susceptible to weathering as soil-like shales. In certain 
instances, some shales partially break down when compacted and may lead to voids in the 
embankment. Shales containing interbedded limestones are particularly difficult to break down and 
compact. This condition may lead to settlement and stability problems. 
The importance of meeting unit weight and lift thickness criteria is illustrated in a subjective 
manner in Figure 87 by data published by Lutton (37). Indices obtained from slake-durability tests 
performed on shales from various highway embankments were plotted as a function of lift 
thickness. The criterion line or envelope shown is hypothetical and represents an attempt to 
separate problem embankments from non-problem embankments. Those data indicate that as the 
slake-durability indices increase and lift thicknesses decrease susceptibility of an embankment to 
develop settlement and stability problems decreases. Although lift thickness and compaction 
criteria are certainly important, consideration of those factors alone is not necessarily sufficient to 
prevent embankment instability. There are other factors, such as foundation conditions, shear 
strength of the embankment shales, and groundwater conditions that must be considered. 
As part of this research, a survey (16) was conducted in 1985 of states surrounding 
Kentucky regarding shale compaction specifications. The states of Indiana, Pennsylvania, 
Tennessee, Virginia, Ohio, and West Virginia were contacted. Specifications of states responding 
to this survey are discussed briefly below. 
Indiana 
The most detailed specifications were those obtained from Indiana (43). Those 
specifications require classifying the shale according to the Franklin system (44). Any material 
having a R-value below 5 is considered to be a shale or soft rock. For embankments constructed 
of those materials, the Indiana specifications require that the embankment be placed in maximum 
8-inch loose lifts. After placing, the shales are brought to within -2 percent to + 1 percent of 
optimum moisture content by adding water and uniformly incorporating the water with a 24-inch 
gang disk. The shales are then compacted using three passes of a 60,000-pound static tamping-
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material is bladed between the static and dynamic railings. Roller speed is restricted to 3 mph. 
Indiana also has special requirements in the event the geologic formation consists of a 
combination of limestone and shale. Compaction requirements include items mentioned above, 
but also limits the .size of limestone rocks. Limestone fragments exceeding 6 inches in thickness 
and 1.5 feet in any other direction are prohibited. Moreover, the specifications require encasing the 
slopes with 1 0 feet of non-shale, non-erodible material. The number of passes of the static roller 
also is increased from three to six. 
Pennsylvania 
The Pennsylvania specifications are not nearly as detailed as Indiana's, and yet they do 
require a maximum lift thickness of 8 inches. Shales are placed approximately at optimum 
moisture content and at 97 percent of maximum dry density. However, the specifications do not 
provide procedural guidelines for obtaining density. The Pennsylvania specifications also require 
placing coarse material on the out slopes while requiring that finer material must be placed on the 
inside of the embankment. Additionally, the specifications require large pieces of rock to be broken 
down until most of the voids are filled. 
TennesseeNirginia 
Neither Tennessee nor Virginia had special provisions for shale embankments at the time 
the survey was conducted. Tennessee handles shale as unclassified material and Virginia treats 
shale as rock. The Virginia Department of Highways did, however, state that their method of 
handling shales has created some performance problems. 
Kentucky Standard Specifications 
Current Kentucky specifications, adopted in 1975, make distinctions between durable and 
nondurable shales and places some requirements on the manner in which shales are to be 
compacted. Shales having slake-durabilities less than or equal to 95 percent are considered 
nondurable and are placed in maximum 12-inch loose lifts. According to standard procedures, 
shales are then compacted to 95 percent of maximum dry density. For durable shales (slake-
durabilties greater than 95}, placement in maximum loose layers up to 3 feet with compaction 
achieved by blading or dozing so that voids, pockets, and bridging will be minimized is permitted. 
Dimensions of boulders are limited to 3 feet vertically and approximately 4.5 feet horizontally. 
Recognizing the limitations of the compaction specification when applied to the compaction of 
shales, Kentucky adopted a special provision in 1 984 during the course of this research study. 
Statewide application of this provision was approved by the Federal Highway Administration in 
1985. The provision was modeled after the Indiana shale compaction specifications. 
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The special provision is given in APPENDIX A. Intermediate shales, soil-like shale, and (or) 
materials interbedded with thin seams (< 4 inches) of harder rock that exhibit slake-durability 
indices less than 95 percent are subject to the special compaction criteria as determined by the 
designer. The shales are to be placed in maximum 8-inch loose layers. After blading and grading 
to a uniform thickness, water is added to obtain a moisture content of ±2 percent of optimum 
moisture content. When the shale is dry, water must be added to accelerate slaking action and to 
facilitate compaction. The water is uniformly incorporated throughout the entire lift by a multiple 
gang disk having a minimum disk wheel diameter of 24 inches. The shales must be compacted 
using a static tamping-foot roller weighing a minimum of 60,000 pounds. The specification requires 
a minimum of two passes of the static roller. Compaction is completed (minimum of three passes) 
using a vibratory roller with a minimum compactive effort of 55,000 pounds. Prior to compaction of 
rock fragments or limestone slabs having thicknesses greater than 4 inches and (or) any dimension 
greater than 1 1/2 feet must be removed from the layer to be compacted, or the large fragments 
may be broken down and incorporated into the lift. 
Settlement of Shale Embankments 
Settlement of embankments constructed of shale is a common problem and is difficult to 
predict and control. Use of conventional consolidation testing to define deformational properties 
generally are not applicable because of large particle sizes of the shales. Consolidation rings are 
usually too small to accommodate the large particles. In a relatively dry state, compacted shales 
exhibit small compression. However, as shown by Strohm et al. (45) and Drnevich et al. (27), 
compacted shales (using large molds) when soaked may exhibit large and excessive settlements 
(creep or secondary compression and shear strain). An approximate correlation of slake-durability 
indices and compression of soaked shale specimens has been given by Strohm et al. (45). 
Secondary compression and settlement due to shear strain may occur even for well 
compacted fills. These settlements may amount to approximately 0.3 to 0.6 percent of the fill 
height over a period of 15 to 20 years (according to NAVFAC (36)). As shown in Figure 88, 
estimated settlements due to secondary compression and shear strain .for embankments 
constructed of fine-grained plastic soils (CL, CH, OL, ML) become significant for embankment 
heights greater than about 50 feet. Long-term settlements from field measurements (11) are 
compared to the criterion from NA VFAC in Figure 88. Embankments constructed of clays and 
clayey shales and greater than about 50 feet in height exhibited the most settlement. Large 
embankment settlements (39, 40) observed on I 75 also confirm these observations. Many of 
those fills in excess of about 50 feet had settled several inches (1 0 to 30 inches) in a 20- to 25-year 
period after construction. 
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As shown by Bishop (cf 46), an embankment having a factor of safety below about 1.8 will 
exist in a state of plastic equilibrium. As the factor of safety decreases below this value, the 
potential for shear strain increases. This aspect of embankment settlement is, perhaps, illustrated 
in Figure 89. ·Observed long-term settlements (projected to 27.4 years) of several embankments 
were plotted as a function of the long-term factors of safety ( 11). Observed pore pressures and 
slope-inclinometer data obtained over a period of several years were used in stability analyses of 
those sites. Also, shear strength parameters were obtained from triaxial tests performed on 
undisturbed samples obtained several years after construction. Settlements of approach 
pavements and foundations were monitored for several years. Embankment settlement was 
obtained by subtracting the foundation settlement from the bridge approach settlement. 
Settlements obtained in this manner were plotted as a function of the logarithm of time. The 
relationship between embankment settlement and the logarithm of time was linear. Hence, the 
linear relationship could be projected with time to obtain settlements at some future date. Each 
case was projected to 27.4 years (1 0,000 days). Generally, settlements that occur after 27.4 years 
were insignificant. Although considerable scatter of data was present, the data in Figure 89 show 
that a factor of safety of 1.5 or greater tends to decrease long-term settlements. 
To estimate long-term settlements oi embankments constructed of shales, the method 
proposed by the author (11) may be used. The slope of the linear settlement-log time relationship 
is referred to as the coefficient of shear strain and secondary compression, Css (an empirical 
coefficient obtained from field measurements). Settlement due to secondary compression and 
shear strain may be estimated from 
H,.= c H log(t It ) II C II C (62) 
and 
H.,= (-4.676 + 1.531og Fr)log(t It ) H 10 A • 
e 
(63) 
in which H .. = settlement of the embankment due to secondary compression and shear strain, 
H. = height of embankment, 
t. = time of placement of pavement (the time between the start of construction and 
placement of the pavement), 
t., = time at the end of significant secondary compression and shear strain of the 
embankment (assumed), and 
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Equation 64 relates shear strain and secondary settlement to the height of embankment, the 
long-term factor of safety, and time. The factor of safety, of course, is a function of shear strength 
(<j>' and c '),geometry, dry density (and compactive effort), and pore pressures. As shown by data 
in Tables 8 and 11, shear strength is a function of dry density and molding water content. 
Consequently, as the dry density increases, the factor of safety increases since the cohesion c' 
increases with dry density. In Figure 90, the settlement H., obtained from Equation 64 is plotted as 
a function of the height of embankment H. for various assumed factors of safety. The value of log 
(t,. It.) was taken to be 1.1 for those curves .. 
Three Test Shale Embankments 
Construction of the three test shale embankments on KY 11 was completed in late 1987. A 
complete analysis of those embankments is premature and, consequently, only a preliminary 
discussion of some of the data collected at these sites will be presented. Observations of the three 
test fills will continue over the next five years to determine and evaluate their performance. At each 
test fill, settlement platforms and mercury-filled settlement gages were placed at the elevations (top 
of shale) shown in Figures 10, 11, and 12. Although the foundations at the three sites were usually 
less than 5 feet thick, pneumatic piezometers were installed to monitor short-term as well as long-
term pore-water pressures. Slope inclinometers will be installed in the near future to monitor the 
long-term lateral movements of the embankments. Settlement monuments have been placed at 
the top of each test fill to monitor the total vertical movement. 
Test Fill, Station 288+50 
Slake-<lurability index (standard test) of the shales used in the lower portion of this fill was 
near 69 percent. Based on this value, the shale classified as intermediate. Using the coordinates 
of 69 percent for D10 and 8 inches (lift thickness), the point plots in the zone labeled .no major 
problems, few minor problems. in Figure 87. For the upper portion of the embankment, the 
parameters •f and c ' used in the design analyses were 22 degrees and 200 psf. For the 
intermediate shales used in the lower portion, the reported design parameters were 27 degrees 
and 200 psi, respectively. A factor of safety of 1.4 was reported. Using a field height of 55 feet, a 
factor of safety of 1 .4, and Equation 64, the predicted long-term settlement of this fill is 4.2 inches. 
Based on the approximate method by Strohm et al. (45), the long-term settlement is 3 to 5 inches. 
Based on the criterion of NAVFAC (36), the long-term settlement is estimated to be 2to 4 inches. 
Standard compaction tests performed on minus 3/4-inch and minus No.-4 materials yielded 
optimum moisture contents and maximum dry densities of 11.6 and 12.8, respectively, and 125.2 
and 120.1 psf, respectively. The average water content obtained from sand-cone tests was 8 
percent and ranged from 6.9 to 11 percent, as shown in Table 16. The average water content 
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obtained from the drive sampler was 8.1 percent. The average water content of the shales as 
monitored by the nuclear gage was 9.9 percent. Hence, the moisture content obtained from the 
nuclear gage averaged about 1.8 percent higher than obtained from the sand-cone tests or the 
drive-sampler specimens. Readings of moisture content from the nuclear gage were apparently 
affected by the hydrocarbons in the black intermediate shales in the test fill. Based on optimum 
water contents of 11.6 percent (minus 3/4-inch material} or 12.8 percent (minus 1/4-inch material}, 
the field molding water was some 3 to 5 percent lower than the unadjusted optimum moisture 
content. Considering that the special compaction specification allows a field value of 2 percent 
lower than optimum water content, and the field water content was some 1 to 3 percent below a 
value required by the specifications. Although Kentucky specifications (21} adjust for oversized 
aggregates, no adjustments are made for field water contents. The average percentage of 
oversized material retained on the No.-4 sieve was about 41 percent. Assuming the moisture 
content of the oversized material is equal to the natural water content of the shale (apprgximately 6 
percent}, the adjusted optimum moisture content is given by Equation 10, or 
wJ = (0.41)(6.0) + (1 - 0.41)11.6 = 10 percent. 
On the basis of these calculations, the water content portion of the specifications are met. The 
average percent of shale particles retained on the 3/4-inch sieve was 84.9 percent. Us"1ng 11.6 
percent, 15.1% (=F), and Equation 10, the adjusted water content is about 10.8 percent. Hence, 
the field water content is slightly below specification requirements. Based on results obtained from 
the nuclear gage, the field water contents met specifications. 
Using Equation 7 and the average percent retained on the No.-4 sieve, the average 
adjusted dry density is 131.6 pel. This value is essentially the same as that obtained from the 
nomograph in the Kentucky Methods. Using the average percent retained on the 3/4-inch sieve -
and Equation 9, the average adjusted dry density is 128.7 pel. Hence, adjusting the dry density on 
the basis of minus No.-4 or minus 3/4-inch material gave about the same adjusted dry densities. 
The average dry densities (uncorrected for oversize} obtained from the sand-cone tests, 
drive sampler apparatus, and nuclear gage were 123.9, 119.0, and 125.8 pel, respectively. The 
dry densities obtained from the drive sampler were about 4.9 pel and 6.8 pef less than the dry 
densities obtained from the sand-cone tests and nuclear gage tests, respectively. Difficulties were 
encountered because of the shale particles when the ends of the 4-inch diameter cylinders were 
trimmed. Hence, smooth ends could not be obtained and this tended to lower values of dry 
densities determined from the drive sampler. Consequently, the 4-inch drive sample is not 
appropriate for measuring dry densities of intermediate shales. However, the device could be used 
to obtain water content samples of shales in the field. The nuclear gage yielded dry densities that 
averaged about 1.9 pef greater than values obtained from the sand-cone. 
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Using the chart given in the Kentucky Methods (21) (Figure 13), the adjusted dry density is 
about 132 pel. The maximum dry density of 120.1 pcf obtained from standard compaction tests on 
minus No.-4 ~hale materials, the average percent retained on the No.-4 sieve in the field, a bulk 
specific gravity of 2.65 was used to obtain the adjusted dry density. 
To obtain a bulk specific gravity of intermediate shale particles from a laboratory test would 
be difficult because the particle would tend to degrade during testing. The value of 2.65 is perhaps 
too high for the black shales at this site. A more realistic value for the density of black shales 
(measurements will be made at a later date) probably is 155 pel, or a bulk specific gravity of 2.48. 
Using this value and the chart in Figure 13, the adjusted dry density is about 128.5 pel. Based on 
the average maximum dry density obtained from the sand-cone test, the relative compaction 
ranges from 94 to 96.4 percent (depending on he assumed value of the bulk specific gravity). 
Based on the field maximum dry density obtained from the nuclear gage, the average relative 
compaction ranged from 95.3 to 97.9 percent. Generally, based on the results, the compaction of 
this embankment met specifications. 
Test Fill, Station 556+50 
The slake-durability index of the shales in the lower portion of this embankment was near 
48. Since this value was less than 50, the shales classified as soil-like. Based on an 8-inch lift and 
a D1 equal to 48, these shales plot in Figure 87 in the zone labeled .No Major Problems, Few Minor 
Problems.. In the upper portion of this embankment, the design <!>'and c ' were 22 degrees and 
200 psi. In the lower portion, the parameters were 27 degrees and 200 psi. The long-term factor 
of safety was estimated to be 1.6. This embankment is about 65 feet in height. Based on the 
approximate method by Strohm et al. (45) and using a slake-durability index of 48 percent, the 
estimated long-term settlement is 4 to 5 inches. Based on NAVFAC, the estimated long-term 
settlement ranges from 2.5 to 5 inches. From Equation 64, the estimated long-term settlement is 5 
inches. 
Standard compaction tests were performed on material passing the 3/4-inch sieve and 
No.-4 sieve. Two sets of tests were performed. For material passing the No.-4 sieve, the 
maximum dry densities and optimum moisture contents were 118.4 and 119.8 pel and 11.3 and 
12.8 percent, respectively. From the nomograph in Figure 13, assuming a bulk specific gravity of 
2.65 and using the average percent retained on the No.-4 sieve (35.4 percent (Table 16)), the 
adjusted dry densities are 128.5 and 129.5, respectively (Equation 9 yielded adjusted dry densities 
of 128.6 and 128.7 pel, respectively). If a bulk specific gravity of 2.48 (y= 155 pe~ is used, the 
adjusted values are about 126 and 127 pet, respectively. Average field dry densities from the 
sand-cone, drive sampler, and nuclear gage were 118.5, 116.7, and 119.8 pel (Table 16), 
respectively. Based on the sand-cone test results, the average relative compaction ranged from 
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92.2 to 94.0 percent. Based on nuclear gage results, the average relative densities ranged from 
about 93.2 to 95 percent. The relative compaction of the shales in this fill was slightly lower than 
95 percent. The nuclear gage yielded dry densities that averaged about 1.3 pel higher than dry 
densities obtained from the sand-cone test. The drive sampler yielded an average dry density that 
was about 1.8 pel lower than the sand-cone test and about 3.1 pel lower than the nuclear gage. 
Since the percent retained on the 3/4-inch sieve lies between 7 and 1 0 percent, ASTM D 698-72 
would be applicable to the shales in this embankment. Two sets of tests were performed on 
material passing the 3/4-inch sieve. Maximum dry densities and optimum moisture contents were 
132.6 and 121.8 pef and 10.0 and 11.5 percent, respectively. Based on those results and results 
obtained from the sand-cone tests, the average relative compactions were 89 percent and 97 
percent. If the ASTM standard, Method C, is used for this case, no adjustments are made. 
The average field moisture contents obtained from the sand-cone tests, the drive sampler, 
and nuclear gage were 11.5, 8.9, and 11.4 percent, respectively. The nuclear gage and sand-cone 
yielded similar results. Based on the optimum moisture contents (uncorrected) from the standard 
compaction tests on material passing the No.-4 sieve, the field moisture contents met 
specifications. The unadjusted average water contents were near or about 1.3 percent lower than 
laboratory values. The adjusted values, using Equation 10 and assuming the moisture content of 
about 6 percent (natural water content of the shales), were about 9.5 and 10.4 percent, 
respectively (based on the fraction retained on the No.-4 sieve). Based on those values, the field 
water contents were about 2.0 and 1.0 percent, respectively, above the adjusted optimum water 
content. The average field water contents were within specifications. Generally, requirements of 
the special compaction provision were nearly met. 
Test Fill, Station 498+50 
The slake-durability index of these shales was near 89 percent. Hence, the shales 
classified in the high range of the intermediate scale. These shales were harder than the shales 
placed in the fills at Stations 288 + 50 and 556 + 50. Liquid and plastic limits were 39 and 21 
percent, respectively. Material finer than 0.002 mm was about 18 percent. The ratio H,0 was 
approximately 494. Based on this value and using Equation 23, the estimated value of •f is 29 
degrees. Reported parameters <f and c' of the shales placed in the lower portion of this 
embankment were 27 degrees and 200 psf, respectively. The q,' and c 'values assigned to the 
upper portion of the fill were 22 degrees and 200 psf. The long-term safety factor was reported to 
be about1.5. 
Using Equation 64, the long-term settlement is estimated to be about 4 inches for this 
65-foot embankment. Based on criterion in NAVFAC, the long-term settlement is estimated to be 
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2.3 to, 4.6 inches. Based on criterion given by Strohm et al., the long-term settlement is estimated 
to be about 2 inches. 
Standard compaction tests were pe·rformed on material passing the No.-4 sieve and 
3/4-inch sieve. Two sets of tests were performed for each sieve size. Maximum dry densities and 
optimum moisture contents obtained from the two tests on the material passing the No.-4 sieve 
were 124.6 and 125.2 pcf and 10.3 and 11.2 percent, respectively. Using the nomograph in Figure 
13, assuming a bulk specific gravity of 2.65, and using the percent retained on the No.-4 sieve (see 
Table 16), the adjusted average maximum dry density is about 136 pel. Based on an assumed 
value of bulk specific gravity of 2.48, the adjusted maximum dry density is 132 pel. Based on the 
one test value from the sand-cone test, the relative compaction was 91.6 to 94.4 percent. Using 
the average field dry density from the nuclear gage, the relative compaction was about the same. 
The drive sampler yielded an average dry density that was some 7.1 pef lower than the average 
values obtained from the nuclear gage and the sand-cone test. Based on Equation 9 and the 
percent retained on the No.-4 sieve, the average adjusted dry density is about 136.2. Based on 
the percent retained on the 3/4-inch sieve and using Equation 9, the adjusted dry density is 132.6 
pel. 
Average field water contents from the sand~one test (only one test value), drive sampler, 
and the nuclear gage were 7.3, 7.9, and 10.0 percent, respectively. The nuclear gage value was 
some 2.1 percent higher than the drive sampler. Based on the uncorrected average optimum 
moisture contents obtained for material passing the No.:4 sieve, the average field water contents 
did meet specifications and was about 2.9 to 3.5 percent lower than laboratory values. However, if 
the laboratory optimum content is adjusted for oversize material (w; = 7.6 percent), then the 
specifications were met. 
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CONCLUSIONS AND RECOMMENDATIONS 
The slake-durability test provides a means of distinguishing and characterizing different 
types of shales .. A comparison of indices obtained from slake-durability tests performed on several 
selected shales using ten different testing procedures shows that the decay index provides the 
most positive means of identifying slake-durability properties. A listing of the slake-durability 
testing procedures in descending order of effectiveness of differentiating shales follows: 
1. decay index, 
2. one 60-minute cycle and air-dried material, 
3. one 60-minute cycle and oven-dried material, 
4. one 120-minute cycle and oven-dried material, 
~· two 25-minute cycles and oven-dried material, 
6. one 25-minute cycle and air-dried material, 
7. one 25-minute cycle and oven-dried material (proposed by Deo (cf 12)), 
8. two 1 0-minute cycles and oven-dried material (proposed by Gamble (22)), 
9. one 1 0-minute cycle and air-dried material, and 
10. one 1 0-minute cycle material (proposed by Franklin and Chandra (18)). 
The decay index procedure has two disadvantages: 
1. The procedure requires more time, materials, and measurements to define an index than 
the other procedures listed above. 
2. The decay index of a hard or (and) cemented shale is not as accurately defined as for a 
softer shale because it is impractical to perform a slake-durability test on exceptionally hard shale 
specimens in such a manner that little material remains in the drum of the slake-durability device. 
To define a decay index the slake-durability index-time curve must be projected. To standardize 
the decay index procedure when hard shales are tested, it is suggested that the slake-durability 
measurements be performed at 10, 25, 60, 1 ,000, and 2,000 minutes. The curve is then projected 
to a slake-durability index of zero using the slope of the curve between the 1 ,000- and 
2,000-minute points. Since the decay index procedure requires more measurements and time than 
the other procedures listed above, the method should probably be reserved for use on projects 
such as earth dams where high risks and costs may be involved and that may require positive 
identification of shale materials being considered. 
For routine identification of slake-durability characteristics, the procedure that uses one 
60-minute cycle and air-dried shale and the proposed slake-durability index divisions shown in 
Figure 15 are recommended. Indices obtained from the Franklin-Chandra procedure do not 
appear well-suited for classifying slake-durability characteristics. Slake-durability indices obtained 
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from procedures proposed by Deo (cf 12) and Gamble (22) were not completely satisfactory. 
However, the standard test (No. 8 above, Gamble (22)) is currently used by many agencies. 
Consequently, this method will probably be used in the future. Since this procedure is entrenched 
in many governmental testing laboratories, several correlations were made relating the slake-
durability indices (0,0) and other engineering parameters. Although the same slake-durability 
testing procedure was used, indices obtained from slake-durability tests performed on oven-dried 
shales were generally higher than those obtained from tests performed on air-dried shales. 
No correlations between indices obtained from slake-durability tests using Procedures 2, 7, 
and 8 listed above and natural water contents of shales were observed, even though a trend is 
apparent. Procedures 1, 3, 4, 5, 6, and 9 did not yield meaningful relationships between natural 
water content and slake-durability index. A fairly good correlation was obtained between the 
square root of the slake-durability decay index and the natural water content of a shale. 
The natural water content of a shale is a strong indicator of slake-durability characteristics. 
Sh((les that have natural water contents below approximately 3.5 percent have high slake-durability 
indices. Shales having natural water contents between about 3.5 and 7.5 percent appear to have 
intermediate slake durability. When the natural water contents are above approximately 7 to 8 
percent, the shale has low slake-durability indices and usually classifies as soil-like. This simple, 
inexpensive test may be used to predict the shear strength parameter q,- of a compacted shale, the 
clay content, the bearing ratio, and other engineering characteristics of shales. Hence, by 
measuring the natural water contents of shales when rock cores are obtained, the vertical 
distribution off values and bearing ratios (when the materials are compacted) may be estimated. 
Quick estimates of important engineering properties may be made for materials from cut sections 
that will be placed and compacted in adjacent embankments. Natural water content 
determinations should be made along the length of the core during the coring operation. Water 
used during the coring operation may pose a problem in measuring natural water contents. 
Considering that shales are generally impermeable, only the outer surface of the core will be 
affected. It is suggested that the outer surface of material be scraped or carved away when 
collecting the natural water content specimen. 
As the natural water contents of shales increase, the clay contents (percentages of clay-
sized particles finer than 0.002 mm) generally increase. The clay content may be approximated 
using relationships given herein. No correlations between the plasticity indices and slake-durability 
indices were observed. The shales were low-plastic materials. 
No meaningful relationship was obtained between slake-durability indices and maximum 
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vertical strains or swell pressures from swell-deflection tests and swell-pressure tests, respectively. 
A trend was noted when maximum vertical strains from swell-deflection tests were plotted as a 
function of the clay fraction. 
The final water content of a shale after soaking and after the shale specimen had been 
permitted to reach some maximum value of deflection is a good indicator of the slake-durability 
index (12). A reasonable correlation was obtained between the square root of the slake-durability 
decay index and the final water content measured at the end of the swell-deflection test after 
maximum deflection of the shale specimen had occurred. Shales having final water contents in 
excess of approximately 17 percent have low slake-durability indices while shales that have final 
water contents less than about 6.5 percent have high slake-durabilities. Shales having final water 
contents between about 6.5 and 17 percent have intermediate slake-durabilities. 
A trend between the slake-durability decay index and Shore scleroscope readings was 
noted. The scleroscope test may, with further development, provide a means of broadly classifying 
shales. 
The jar-slake test provides a rapid and useful means of broadly classifying shales having 
low slake durability -- shales that degrade into a pile of flakes when submerged in water -- and 
shales having intermediate or (and) high slake-durability. However, the test does not distinguish 
between shales having intermediate and high slake-durability indices. It is recommended, 
therefore, that the test be modified. By measuring the water content of specimens after soaking in 
the jar-slake test, distinctions may be made between intermediate and high as well as low slake-
durability shales. To obtain good results, the shales should be soaked for about 24 to 30 hours. In 
the event a shale completely degrades, there is no need to measure the water content; the shale 
may be classified as one having low slake-durability. 
A good relationship was found between the in situ water content and the final water content 
from swell-deflection tests. The water content is a valuable indicator of slake-durability 
characteristics of shales. 
The most prominent minerals were quartz, mica (illite), and kaolinite and were present in all 
of the shales. Illite, kaolinite, and chlorite were the most abundant clay minerals. MontmoriUonite 
was not present in any of the shales. Investigations of Paleozoic shales by others (37, 38, 45), 
yielded similar results. 
The dry densities and water contents of soaked and unsoaked KYCBR specimens were 
generally higher and lower, respectively, than. maximum dry densities and optim urn water contents 
obtained from compaction tests (ASTM D 698-78). All shales tested had fairly high unsoaked 
KYCBRs, ranging from 15 to 46. After soaking, KYCBR values ranged from 1.9 to 33.3. In the 
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majority of cases, the bearing ratio decreased significantly after soaking. 
The data showed that KYCBR and slake durability are related. As the slake-durability of 
unweathered shale decreased, the minimum soaked KYCBA also decreased. Relationships 
between KYCBR and three different slake-durability indices obtained from the standard method of 
performing slake-durability tests (oven-dried material, two 1 0-minute cycles), a method that used 
air-dried material and one 60-minute cycle, and a method that yielded a slake-durability decay 
index were developed. The later two methods appeared to yield the more suitable relationship. 
Mathematical expressions describing relationships between KYCBR and the three different 
slake- durability indices were developed. 
Based on the standard slake-durability test, the soaked KYCBR of a shale having an index 
equal to or lower than 92 percent will most likely be equal to or less than 10. The soaked KYCBR 
of a shale having a slake-durability index of 76 percent as measured by the one-cycle 60-minute 
test will most likely be equal to or less than 1 0. 
There was a direct correlation between axial swell of a KYCBR specimen (compacted shale) 
and the soaked KYCBR. For specimens having an axial swell larger than about 3 percent, the 
KYCBR was less than 10. If the axial swell was less than 3 percent, then the KYCBR was greater 
than 10. 
A fair correlation between in situ water content of a shale and the soaked value of KYCBR 
was obtained. If the in situ water content of an unweathered shale is less than about 4 percent, the 
soaked KYCBR will probably be greater than 10. At large values of in situ water content (> 7 
percent), the soaked value of KYCBR will most likely be in the order of 1.5 to 6. 
A fair correlation between clay-size particles finer than 0.002 mm (by weight) and soaked 
KYCBA value was obtained. The clay percentages were obtained from hydrometer tests 
performed ori unweathered shales that were crushed to pass the No.-1 0 sieve. If the percentage 
finer than 0.002 mm is less than about 18 percent, the soaked KYCBR is probably greater than 10. 
For weathered shales, if the portion of material finer than 0.002 mm is greater than 20 percent, the 
soaked KYCBR will most likely be less than 1 0. 
Shales having low jar-slake numbers generally had very low values of KYCBR. Soaked 
values of KYCBR for shales that degrade into a pile of flakes or mud are usually less than 3 or 4. 
Also, these types of shales have low (less than 25 degrees) values of q>'. 
It is suggested that shale particles in compacted embankments tend to degrade over a 
period of time because of inherently large swell pressures of the particles when exposed to 
moisture. By decreasing the voids in compacted shale masses, the permeability is decreased, and . 
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penetration of water into the shale particle is decreased. Consequently, exposure of shale 
particles to infiltrating water is decreased. 
The (o'1 - a' J failure criterion generally defined cp' and c 'values that were lower and 
higher than cp' and c 'values defined by the (o'1 I a' J failure criterion. Also, ~-values, pore 
pressures at failure, and failure strains obtained from the (o'1 - a' J failure criterion were usually 
higher, and lower, respectively, than the corresponding values defined by the (cr'1 I o'3) failure 
criterion. However, for a given compacted shale, it is not always clear which failure criterion should 
be used. Consequently, in analyzing and reporting triaxial results; both sets of cp' and c ' values 
should be obtained and used in an analysis to determine which method yields the most 
conservative design. Since shale particles tend to degrade over a period of time, the set of 
cp' and c ' values that yield the more conservative factor of safety should be used in the design 
stability analyses. 
A simple inexpensive method, based on two simple index tests, is proposed for estimating 
the shear strength parameters cp' and c ' of compacted shale. The method makes use of results 
from the slake-durability test and particle-size analysis. Presently, slake-durability tests (standard 
method) are currently and routinely performed on rock cores from selected depths. To make use 
of the method proposed herein, particle-size tests based on the hydrometer method (samples from 
the same depths selected for slake-durability testing would be used. for the particle-size tests) 
would be performed on a sufficient quantity ("' 100 grams) of rock core specimens crushed to pass 
the No.-10 sieve. Using the slake-durability index D10 or D60 and the percent finer than 0.002 mm, 
the ratio H10 (=D10 1P0.00~ orHso(=D60 1P0.002) may be defined at selected depths in the cut. 
Using H10 or Hso and the correlations reported above, cp' and c ' may be defined for materials as 
they would be compacted in a fill. Hence, the various values could be analyzed, statistically, to 
determine which values yield the most conservative design of the shale embankment. 
The cohesion c ' of a compacted mass of shale was found to be a function of the molding 
water content and compactive effort. As the compactive effort and the optimum molding water 
content wm corresponding to that compactive effort decreased, the cohesion c' decreased, and 
vice versa. The relationship between the logarithm of c 'and optimum molding water content was 
approximately linear. Equations for predicting c' as a function of wm and H10 (or fls0) were 
developed. It is recommended that Equation 43 or Equation 53 be used to estimate c '. It is not 
clear what value of w m should be selected for use in those equations since the water content of the 
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shale mass in an embankment may increase with time. For design purposes, however, it is 
recommended that wm be taken as the optimum moisture content from standard compaction tests 
(ASTM D 698·78). Since the water content may increase with time, and, as a result, the cohesion 
may decrease (due to swell and a reduction in density), it is recommended that the water content 
obtained from Equation 58 be used to estimate a value of c ' for checking the stability of the 
embankment. When the compactive effort is specified as some relative compaction less than 1 00 
percent, it is suggested that Equation 59 be used to obtain w m' Generally, the value of q,' did not 
vary significantly as the compactive effort varied. There was usually a slight decrease in q,' as the 
compactive effort ranged from low-energy compaction to modified compaction. Lower values of q,' 
from specimens remolded to modified compaction were probably due to a degrading of the shales 
as the compactive energy increased. 
Based on a preliminary analysis of· field compaction techniques used at three test fills 
constructed of intermediate and soil-like shales and compacted with heavy compactors (tamping-
foot and vibratory rollers weighing more than 60,000 pounds each), the special compaction 
provision shown in APPENDIX A was generally successful. It is recommended that use of this 
specification be continued. Heavy compactors and heavy-duty disks were successful in breaking 
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down or degrading the intermediate and soil-like shales. Generally, the percent passing the 
3/4-inch and No.-4 sieves usually averaged about 87 and 60 percent, respectively. Compaction 
requirements were generally met. Relative . compaction generally averaged approximately 95 
percent. Field water contents after adjusting generally met specifications. 
Field dry densities and water contents from the nuclear gage averaged about 2 pel and· 2 
percent higher than values from the sand cone. The tendency of the nuclear gage to register 
slightly higher values than those obtained from the sand-cone tests probably was due to the 
hydrocarbons in the black and gray shales at the site. It is recommended that nuclear gages be 
calibrated against the sand cone on project materials and that adjustments be made to values 
obtained with the nuclear gage. The drive sampler yielded average values much lower than the 
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sand cone or nuclear gage. However, average water contents obtained with the drive sampler 
were similar to those from the sand cone. For measuring dry densities of intermediate and soil-like 
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APPENDIX A 
. SPECIAL SHALE COMPACTION PROVISION 




This work shall consist of constructing and compacting embankments composed 
predominately of soil-like shale and/or intermediate shale (SDIIess than 95 by KM 64-513) when 
designated on the plans, utilizing the construction techniques specified herein. These 
requirements are in addition to Sections 207 and 208 of the current Standard Specifications for 
Road and Bridge Construction. 
II. CONSTRUCTION REQUIREMENTS 
Soil-like shale, intermediate shale, and/or these materials interbedded with thin seams (less 
than 4 inches thick) of harder rock shall be compacted utilizing an approved static tamping-foot 
roller in conjunction with a vibratory tamping-foot roller. The minimum weight for the static 
tamping-foot roller shall be 60,000 pounds. The minimum total compactive effort for the vibratory 
tamping-foot roller shall be 55,000 pounds. Total compactive effort is defined as that portion of the 
static weight acting upon the unsprung compaction drum added to the .Centrifugal Force. provided 
by that drum. If the manufacturer's charts do not list the static weight acting upon the compaction 
drum, the Contractor will be required to have the roller weighed to the satisfaction of the Engineer, 
and that weight shall be added to the Centrifugal Force, rated in accordance with the Construction 
Industry Manufacturer's Association (CIMA). Each tamping-foot on the static roller shall project 
from the drum a minimum of 6 inches. Each tamping-foot on the vibratory tamping-foot roller shall 
project from the drum a minimum of 4 inches. The surface area of the end of each foot on each 
roller shall be no less than 5 1/2 square inches. 
Shale shall be placed in 8-inch maximum loose lifts to the full width of the cross section. 
Excavation and blasting procedures shall accommodate the selective placement of the material. 
Each lift shall be bladed as required prior to compaction to ensure uniform layer thickness. Large 
rock fragments or limestone slabs having thicknesses greater than 4 inches and/or any dimension 
greater than 1 1/2 feet shall be removed from the layer to be compacted, or broken down and then 
incorporated into the lift. 
If the shale is dry, the Contractor shall apply water to accelerate the slaking action 
(breakdown) and to facilitate compaction. The water shall be distributed by an approved method 
that provides uniform application of the required quantity of water. The water shall be uniformly 
incorporated throughout the entire lift by a multiple gang disk with a minimum disk wheel diameter 
of 24 inches. The amount of water shall be that required to achieve a moistu(e content of optimum 
+ 2.0 percent as determined by KM 64-511. This moisture content requirement shall have equal 
weight with the density requirements specified herein when determining the acceptability of a layer. 
Moisture content tests will be conducted at such a frequency as deemed necessary to assure that 
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the entire layer conforms to the specified moisture content. 
Unless otherwise approved in writing by the Engineer, each embankment lift shall receive a 
minimum of 3 passes with the static roller followed by blading and a minimum of 2 passes with the 
vibratory roller. The rollers shall not exceed 3 mph during these passes. Each embankment layer 
shall be compacted to a minimum of 95 percent of maximum dry density as determined by KM 
64-511. The number of passes will, at the direction of the Engineer, be adjusted upward if 
necessary to obtain 95 percent of maximum dry density. 
The in-place density will be determined by KM 64-512 or by using nuclear gages. Tests will 
be conducted at such a frequency as deemed necessary to assure that the entire layer is 
compacted to the specified density. 
Ill. METHOD OF MEASUREMENT 
No separate measurement or payment will be made for compaction, as specified herein. 
Payment for all labor, machinery, materials, and other costs associated with the compaction of 
shale embankments to the specified density, except water, is considered incidental to earthwork 
items in the contract. 
Water used as directed for providing the specified moisture will be measured by weight or 
volume (tank capacity or meter} and converted to 1 ,000-gallon units. 
IV. BASIS OF PAYMENT 
The accepted quantity of water will be paid for at the contract unit price per 1 ,000-gallon 
unit, which shall be full compensation for all work necessary to furnish and properly apply and 
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APPENDIX C 
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OF WEATHERED AND UNWEATHERED MATERIALS 














"' 0 N 
c 
~.0 FINE CARSE 












\~ >> ~!H;; i 


































































u.,S-S.t. i -i 
'il&l 6 
SIEVE SIZES 









\~ieHs • i \~files • ' i ;~~!iH 1 > 




SAND SAND SILT 
61 ei s 4. 
' 






















































































~RRSE MED FINE ;. 
SAND SAND SAND SILT CLAY 
~1;.H \ '! ~~., .. 
' i :~1 iHli i ~MllTT I -Ill Ill Ill ' 
SIEVE SIZES 














OARSE HED FINE 
SAND SAND SAND SILT CLAY 
lis1 e I ' ' %a 1 as 4. ' ' ~~ 1 6 s 4. ' ' 




Ill Ill Ill \ ll ' 













































\~~!H s i i \~~' IH l i i 





8-1 a s • 'l 
' 















































\)\1\1-\'t.\'t.'i\ \1'-1 "'"' 
HED FINE 
SAND SAND 
\~\ai&S i ' \~~~ '" 4 ' i 



















:z: 0 ~ ~ 
en 
en 





















10~•16 • ; ; .~~t • • ' a ; .~~~i,. , , 





\~tii .S i i \O~t" s I i l \0~~16; ' > 









































'1,. -....' ..... , 
FINE 
GRAVEL 












" "' " .. 
l'io \ll 
~" " ']; ~ <; ~ " '1. 
~ 
crAASE HED FINE 
SAND SAND SAND 
l • ~t·iH • i ~?i .. ' i i 
SIEVE SIZES 






























































































\,.,.. T T \~t I&> l ; i 








;~,l,'H s i i \~~t Iss l l 2 \~~~" s l l 
































































~~%''" • • • ~~~~ •• 4 • • \\l~p" •• 






1 ~tei .S l i ~~~~ s' • l i ~~~jH s • l ' --~~~-• 
















"' z 0 
~ ... 
"' 

























"' " :z 0 ~ ... 
"' 





;!-; FINE ~ARSE 
c GRAVEL SAND 
HED FINE 
SAND SAND 
\~t·i. s ' i i ~~~~~·' • i i 
IJ\ 1\ \o\ 't. \ 't.l\ HI \o\ \o\ 
HED FINE 
SAND SAND 
\~t·i. s • 2 ~~~~~· s ' • i 
'U \ 1\ \o\ 't. \ 't.l\ HI \o\ \o\ 
155 

























































































































































llo&1 e."' 4 
' 
l 'ili61 l!o 5 4. 
' 
SILT 
\~~.,.. ' 1 \O~t '' 4 ' 1 \0~!'''' ' 























"' ~ c 
i1h 
t.:l , 























































\~%''" 1 1 \~~l'"' ' 1 \~~!, .. ' ' 




































































(AREA UNDER CURVE) 
SLAKE-DURABILITY DECAY INDEX, DI= 
500 
PROJECTED 
200 300 400 500 600 700 eoo 900 1000 1100 
TIME (MINUTES) 




































./ 0 . 
• 
"'J.o, DO 
Mt. PAAKI'jRY NEW ALBANY (weathered! MODIFIED 
CIPTIIIUH IICIISTUIIE CCitHENT Ill " 12,8 
" . ... CIPTINUII OAT DENSITT"' 112.8 PCF 
- - - - v 
' " v I \ 
v ' '\ I 
I ' ' 
' 1\ 









4, DO &. DO a. oo 10.00 12.00 u.oo 1&.00 Ill. 00 20.00 22, DO 24. DO 
MCISTUAE CONTENT. HZ 
07-19-78 
NEW ALBANY HT.PARKHAY 1+2 IHEIHHEREDI STANDARD COMPACTION 
GI"TIIIUII IIOISTUIIE CONTENT 1;(1 • 19,7 
" . 
... DEC • 6 OPTIKUII DRT DENSITY • 96.11 PCF 
' 
- - - - -
L' 
' ' /' : \ 
I 





1/ ' I 
I 
I I I 
12. DO u.oo 16.00 !8.00 20.00 22.00 24.00 26. DO 28. 00 30. 00 32· 00 
















































Mt. PRAKWAT NEW ALBANY {llleotl"leredl LCJH ENEAGT 
CI'Tli!Uii IIOISTUIIE COIHENl l~J "22.0 
" . " . DEG " 4 CI'TIHUII OAT DENS ITT " 95.9 I'CF 
- - -- -- - - - -- --v rr 












.,, 10. DO 12. co u.oo 16.00 111.00 20.00 22, 00 24. DO 26. DO 211. DO 
MOISTURE CCINTENT, wz· 
1~-l HRNCE !HER THERE OJ HOOIFIED 
OI'TIHUII IIO!STUIIE CCIHENT l~J " 8, 7 
" . " . OEG " 3 Ol'llliUII OAT DENSITY" 133.5 PCF 
-- - - -
--
- -
- --- ~ 
/ 





/ I \ 
v : 




I I\. I 
4. 00 s. 00 6. 00 7,00 8.00 9.00 10.00 
MCl!STUAE CClNTENT, WI. 


























































8. DO 10. DO 
ll-n4-EII 
!WEATHEREDJ STANDARD C~MPACTI~N 
CI'TIKUH KCIISTURE CONTENT lXI a 11.8 
OEG • 3 CIPTIHUN OI'IT OENSITT " 126. 5 PCF 
-- -- - - --
~ -- ' 
----
I t---
v I "-.., 






8. 8CI 9. 60 10. 40 II. 20 12. oo 12. 60 13. 60 14. 40 IS. 20 
MOISTURE C~NTENT. W% 
011-:!0-12 
(weathered) LOH ENERGT 
OI"TJKUM KCII9TUIIE CONTENT 
'" 
.. l7. s 
DEG "' 3 CIP'TIKUK OIIT OEMS ITT • I HI. 0 f'CF 
-- - - ---
y I 
" v I 
" v I 
' I \ 




12. DO 14.00 16.00 18.00 20.00 22. oo 24. OD 26. oo 28. oo 






































































4.. 80 5. 60 






7, 20 B. 00 
09~20-82 
IHERTHEREOI MODIFIED 











' ~ \ 
I 1\ 
: \ 






6.4o 1.20 11.oo e.eo 9. 60 10. 40 11. 20 12.00 • 
MOISTURE CONTENT, HX 
1\~04-Bl 
IHERTHEAEDJ STRNORRD COMPACTION 
CPTHII.IIt IIOISTURE CONTENT Ill " \0.4 






6,80 9.60 10,40 1),20 12, DO 12. 60 13.60 












































































DEG • S 
7. 00 
lweotheredl LCIH ENERGY 
llPTJIIUH IIOISTUIIE CONTENT CXI ., 13,4 
llf'TIHUH DAY OENSITr ., 12.f., 8 f'CF 
-;-
"' I 












14.00 Cli.DD 18.00 20.00 22. DO 
MOISTURE CONTENT, HI. 




Of'TJIIUH IIOISTUIIE CONTENT IZI ., 7.0 












e.oo s.oo 10.00 u.oo 12. 00 13, DO 14. 00 IS, 00 















































CASEYVILLE !WEATHEREDl STANDARD CCMPRCTICN 
OPTII'IUI'I MOISTUIIE CrlNTENT !XI ~ !2.6 
" . " . DEG a 3 fiPTII'IUM OI'IT OENSITT a 121.2 f'CF 
--- -- - - - -- v I 














"C_Y II. 60 10. ~0 II. 20 12. 00 12. 80 13. 60 14. 40 IS. 20 "· MOISTURE CONTENT. WI. DO 
09-20-82 
23-1 CASEYVILLE lweatl"leredl LDH ENERGY 
Of'TII'IUI'I IIOISTUAE CONTENT lXI • 14. 4 




/ I '\ I 
I I \ 
: 









8. co !C. 00 12. cc H.CC 15.0!1 JB.C!I 20.CO 22. 00 2~. oc 26. 00 29. oc 













































... DEG "' a 
/ I --.... 





















7. DO 8. DO I. DO 
CHEATHEAEDI MCIOIFIEO 
CPTII1UII 11Cl$TUFIE CCNTENT I;( I " 8, a 








12. DO 14. DO 16, DO U. DO 20. DO 22. DO 24. 1111 21.011 
MCIISTUAE CCINTENT, H7. 
8-25-"lp 
CHEATHEAEDI STANOFIRD CCIMPFICTICIN 
OI'TIIIUH IIOISTUflf CONTENT lXI " ll.ll 
CPTIHUH OAT DENSITT • 116.5 I'CF 
/ 
















1o.ao 11.oo 12.oo ll.ao 14. 00 IS. DO 16. 00 17. DO 











(weather-ed} LCIW ENERGY 
OP'TiflUII IIOISTUflE CONTENT !ZI "' 17.2 





























































'· 00 5. 00 
v 
u. OD 












III.DO 18.DO 2D.OO 22.00 24. DO 26. 00 
HOI STURE CONTENT, HZ 
(we at her-edl MilO I FlED 
liP'THIUfl llliiSTUfiE CONTENT lXI • 7.2 
























7. DO B. CO 9. DO 10. 00 I L DO 12. 00 
MOISTURE CONTENT, H% 
169 

































- •• 00 
I 
06-L&-711 
NANCY 17-4 tWEATHEAEO J STANDARD COMPACTION 
IIPTIMUH lllllSTUIIf CONTENT IZJ a 12, 2 
" . " . OfG • 3 OPTJIIUM DAY DENSITY .. I 18.4 PCF 
-- - 7 fro. 
I II ' 
1: \ 







I \ I 
• 
10. DO 12. DO u.oo 16.00 Ill, 00 20,00 22.00 24, DO 26.00 28. DO 30, DO 
MOISTURE CONTENT, Wi: 
09-20-12 
17-4 NRNCl LOH ENEAGl 
fii'TIHUH IIOtSTUl'IE r:afin:MT lXI • 16, 2 
.... .... DEG • S OfTIIIUH Dl'iT OENSrTT .. Ill. I I"Cf 
-- - - -- - -- -
L 
-
v I -.., 
/ I 
/ I \ 
v 1: 1\ 







II. DO e. oo 10.00 12.00 14.00 18.00 18.00 20. 00 22. 00 24.00 26. 00 






























































3. 20 .f.. an 
ClSGI:IDD 20-1 









7. DO e. oo 
09~20-82 
lWERTHEAEO l MCIOlFIEO 
Cii'TIHUH HCiiSTURE CONTENT lXI • 6,8 










.f.. en S. fill fl • .f.O 7. 20 8. DO 8. 80 UQ 10 • .f,Q II. 20 
HCIISTUAE CCINTENT, WI. 
as-27-79 
lWEATHEREOl STANDARD CelHPRCTIClN 
OPTIMUM MOI5TIIIIE CDNTEIH !XI • 10.5 
OEG • 4 III'TIMUH DIIY DEM51TT " 123. & PCF 
- 1--
/ 








9. DO 111.00 11.00 12.00 ll.OO u. 00 15. 00 IIi, 00 17, 00 







































20-1 CISGCHlD I weot heredl LI]H ENEAGT 
tli'TIIIUII lltllSTUflf CII!HEHT Ill ~ t5. 5 
" . DEG • i! 61'fl11UII CAY DEHSITY • 118.1 I'CF 
/ '~ 
1/ ' 1\ 
I ' \ 
I 
' 
I ' \ 
' \ 





8, DO I D. DO 12. DO 14..0D 16.DD 18,00 20.00 22. DO 24. 00 26. 00 2B. 00 
MOISTURE CONTENT, HI. 
1-l CRAB CIACHAAO l111eotheredl MCIDIFIED 
Ol'l!IIUII lllllSTUAE COIITEHT !XI ., 1. S 
" . "" 
DEG .. 3 lii'TIIIUH OilY DEHSITT ., 132.5 PCF 
-












6. DO 8. DO 10. DO I • 00 14, 00 !&, DO 18, DO 20. 00 22, DO 24. DO 











































CRAB CIACHARO IWEATHEREDI STANDARD CCIMPACTICIN 
CPTIIIUII Ntii5TUIIE CONTENT !XI ~ li.S 
"" "" 
OEG " 3 CPT I KUII DRY DENS l TY E liS. 8 PCF 
-- 7 H--
"' ; ~ 
' 













I D. 00 12. 00 1 ... 00 16. Oll lB. 00 20. DO 22, 00 24. 00 26. 00 28. 00 30, DO 
MOISTURE CCINTENT, HY. 
09-20-82 
I -1 CRAB CIACHARO 1111eat.l'leredl LCIH ENERGI 
CPTII'tUI't l'tDISTUI\E CCitHENT IU • lB. I 
" . " . OEG • 3 CIPTII'tUII DRY DENSITY c 110.5 PCF 
-- - -- -· 
.. .. 




' \ ' 
/ ' 
' I I \ ' 
/ I 
' I 








8. 00 10.00 12. 00 l4.DD t6.DD 18.00 20.00 22. co 24. co 26. 00 29. 00 














































• 11. DO 
12-1 KCIPE 
" . OEG s g 
- v 
' ' / ' 1"'-I 













6. DO 8. DO 10. 00 
KCIPE J·-75 





8. DO 10. 00 12. 00 
09-2[)-82 
(HER THERE OJ MODIFIED 
llf'TIIIUII MIIISTURE CIINTENT Ill ~ 7.9 









12.00 14.00 16.00 18.00 20. DO 22. DO 24. 00 26. DO 
MOISTURE CONTENT, Hi'.: 
01!1-23-79 
IHEATHEAEDl STANDARD CCIMPRCTION 
Of'TIIIUH IIOI~TUAE C~NTENT Ill • a. S 














14.00 16.00 18.00 20.00 22. 00 24. DO 26. on 2a. no 













































" . ... 






B. DO \D, 00 










s. 00 6. 00 
DEll s 3 





















(ijjeotneredl LCIH ENERGY 
OPTIMUM MOISTURE CONTENT liO 8 )4,5 
OPTIMUM 01'11' DENS ITT a 109.3 PCF 
-...,_ 
: 
"' I r\ I I 
I 












loi.oo t&.oo tB.DD 20.00 22, DO 24., DO 211. DO 211. 00 
MCIISTUAE CCINTENT, HI. 
09-20-82 
(weotneredl HCIOIFIED 
OPTIMUM H015TUI'IE CONTENT \XI • 1. 6 











e.oo s.oo to.oo u.oo 12. 00 
HCIISTURE CCINTENT, HI. 


























KCIPE I -275 







B. DO 10. DO 
I -275 KCIPE 





8. 00 10. DO 
08·23-79 
CWEFHHEAEDl STRNDARO CCIMPACTION 
Of'TtHUM IIOISTUfiE ~ONTENT lXI • 13.0 












12. DO 14.00 16.00 18.00 20.00 22. DO 24.00 26.00 26.00 
MCIISTUAE CONTENT. W'l. 
09·20-62 
(weathered] LClW ENERGY 
Cf'TJMUH IIOISTUAE CONTENT lXI ., H. 2 
DEG • 3 llPTIHUH DIIT OENSITT " 109, 0 I'CF 










' \ I 
12. DO u.oo 16.00 18.00 2(1.00 22. DO 24. oo 26. DO 28. 00 





















































a. 6o 10. 40 
GCILCCINOA 32-l 





!1. 60 10. 40 
(we at heredl MCIOIFIEO 
OPT! HUH HOISTUIIE CIINTENT 1%1 • 14. 8 











II. 20 12.00 12.1110 13.60 1-4.40 IS. 20 16. 00 16. 1110 17.60 
MCIISTUAE CClNTENT, H7. 
s~2s~eo 
CHEATHEREOl STANDARD CCIMPACTICIN 
OPT!I'IUH I'IOISTUIIE CCNTENT lXI '" 14. Ill 











II, 20 12.00 12.80 13,60 J4,40 IS, 20 16. DO 16. 1110 17. 60 



























32-l GCILCCINOR {weathered) LCIH ENERGY 
OPT! HUH KCIISTURE CCINTENT l~l " 16,9 
" . OEG m ! OPT! HUN ORT DENS ITT s 109. 0 PCF 
• 
v ' ~"-. 
/ I 1\ 
' 1/ ' \ I 














B. 00 10 •. 00 12. 00 14.00 16.00 JB.Il!J 20.00 22. oo 24. 00 26. oo 2a. oa 
Ml'IISTUA£ CONTENT. WI. 
09·20-82 
33-1 CLRYTCIN & McNAIRY lnatheredl Ml'IOIFIEO 
CI"TIHUH Hfii~HUfiE CONTENT Ill " 14,7 
" . " . OEG • 3 OPT!NUM DRT OENSITT • 111.4 P'CF 
-- r--- r-- -
v I "'-.._ 
/ I 1\ 
/ I 








6. 00 9. DO 10. DO 12.00 u.oo l6.oo re.oo 20, oo 22. 00 24. oo 26, DO 



































































CLRTTON HCNRIRT IHERTHEAEDJ STRNDRAO C~MPRCTION 
OPT! HUM HOI STURE COPHENT !XI Q 20. 3 
"'" 
,. DEG • 4 OPTINU!t OPIT DENS ITT Q 99.2 PCF 














v ! 1\ 
: \ 
12.00 14. 00 16.00 1!1.00 20.00 22.00 24,00 26. oo 21!1. 00 30, DO 32. 00 
M~ISTUAE CfJNTENT, HY. 
33-1 CLRlTDN & McNRIRT !weathered) LCIH ENERGT 
OPTIMUM ~015TUIIE CONTENT tlO • 2t. 6 
"' . DEC • 3 llPTIMUK OAT DENSITr,. 90.9 I'Cf 
- - - - --
- -- -- - v I }-._ 
/ : ~ 
/ I I 
.I I \ 
: 
v I \ 
I I 
I \ I 
v : \ 
1/ I 








12. DO 14. DO 16. 00 LB. DO 20. DO 22. CO 24. DO 26. oo 28. DO 30. DO 32.00 
























































t. DO 6. DO 
NEW PROV IOENCE 
" . " . 










1!1, DO 10.00 
DEC • 3 
8, DO 
DEC • S 
12. DO 
(weathered) MODIFIED 
!IPTIHUM MOISTURE C!IHTEMt ll:l a B. D 









1o.oo 12.oo tt.oo 16.oo Ill. 00 2D. DD 22. DO 24.00 
MOISTURE CCiNTENT, WI.· 
11 ~ot-aJ 
IWEATHEREOJ STANDARD COMPACTION 
OPTIHUH HOI STURE COHTENT 1%1 • ll, 4 








Jt,OO 16,00 !8.00 20.00 22. DO 24. 00 26. 00 28, DO 




















































/ ' I 







8. 00 10. 00 
huec.theredl LCIH ENERGY 
OI'TIHUH 1\0ISTURE CONTENT 1~1 c 17.8 
IIEG • 3 Of'TJIIUII CAT DENS ITT • 105. 2 I'CF 
• 
/ ' 
' / I \ 
' 
I I 1\ 





I I \ 
' 





12. 110 14. 00 16.00 !8. DO 20. DO 22. 00 24.00 26.00 28. (10 
HCIISTURE CONTENT, Hi. 
09-20-92 
!HEATHEAED l HCIDIFIED 
OI'TIIIUII HOI!ITUAf CONTENT lXI • 111.3 







12. 00 u. 00 16.00 !1. 00 20.00 22. DO 24. 00 26. 00 26. DO 







































!WEATHERED I STANDARD COMPACTION 
OPT! HUH H015TUII( CONTENT ll:l ~ It, 9 
OEG ., 3 OPTHI!JH OAT DENS ITT ,. 115, 7 PCF 
-~ 
















14. DO 16.00 18.00 20.00 22.00 
HCIISTUAE CONTENT. H% 
24. 00 28, DO 28. DO 
09-20-112 
{ 111eat heredl LOH ENERGY 
OPTIK!JII IIOIST!JfiE CCNTEHT lXI ., 19,7 
OPT! HUH OAT O£N51TT • 104, 7 PCF 



















12, DO 14.00 
/ ; ['\_ 
: 
1/ I \ 
I I I 
: ;\ 










16.00 111.00 20.00 22.00 24. 00 26.00 211. DO 





TRIAXIAL TEST RESULTS 








TRIAXIAL TEST: NE~ ALBANT 12-ll MODIFIED COMPACTION 
"' " • 52 
+ " 
••• 37. 4 ° 
c ., 2269. 2 PSF 
Feu lura Coorodtnatae )( 
Straaa D•ffaranca Hathod 
p ' 
157. 1 109.0 
212.8 142.2 
179.2 120.0 




















STRESS PATHS and 
TRIAXIAL TEST: NE~ ALBANT 12-1) 
Fa' I ur-e Coord' nat"'" p: 




52 10~. I 69. ~ 
• " 
75. l so. s 
+ 
" 
85.6 56. 7 
X 55 85. 4 55. 5 
(!)' • ~ I • 4 ~ 
c:' • 29. I PSF 
-----Kr- FfllLUI\E LINE 















0 10 20 30 40 so 60 
EFFECTIVE 
PBAA Ipso J 
STRESS PATHS and 
184 
70 80 90 100 110 






































Fo•!1.1re Coord•notoo )!( 
Strooo Q,fforence Method 
p Q 
26. B 18.0 
23. 9 13.0 
19.6 II. 2 
c'" D. 0 PSF 
-----Kt- FAILURE LINE 
10 20 30 
EFFECTIVE 
40 50 60 
PBAR lps•l 
STRESS PATHS and 
LDW COMPACTION 
70 80 90 
KF- FAILURE LINE 
TRIAXIAL TEST: HANCE 113-11 MODIFIED COMPACTION 
"' S< ~ ss 
+ 56 
~~>'~2s.s" 
Fo1 Jure Coordonntes ):( 
Stre•n Difference Method 
p ' 
91.5 5!.7 
II l. 2 60. J 
101.3 55.~ 
c' = I 833.4 PSf 
-----Kf- FAILURE LINE 
100 110 
oL---~----~--~~--~L---~--~L---~----~----~--~----~ 
0 10 20 30 40 so 60 70 80 90 100 110 
PBAR lps1l 
EFFECTIVE STRESS PATH~ and KF- FAILURE LINE 
185 














41': J(J, 4 ° 
c' 2 618.2 f'Sf 
Fo.<]u.-e Coordor>otcs ):!( 
St.-es5 Difference Method 
p ' 
a e. o 4 2. 6 
BG. ~ ~ 2. 4 
n. 4 19. 7 
59, s 35. 2 
46. a 26. 5 
6 7, B 40. 1 
123. 4 55. 7 

















40 50 60 
PBAA ipsol 
STRESS PATHS ond 
70 
KF- FAILURE LINE 




Ill': 27. I 0 
FQ•lure Coordonotes ):!( 
Stress Oolference Method 
p ' 
21. I 13. I 
27. I 14. 9 
34.6 19.2 




40 so 60 
P8AA I psli 
STRESS PATHS ond 
186 
KF- FAILURE LINE 
110 















+ " X S3 
•:. 31. 4 ° 
. . 647, 2 P5f 
Fa1lur-o Coardonatos 






f- FAILUFIE LINE 
0 10 20 30 40 so 60 70 BO 90 100 110 
EFFECTIVE 
PBAR ! ps II 
STRESS PATHS and Kr- FA I LURE Ll NE 




+ " X 
" ¢ 56 
o' c'• 30.4° 
U1 c' • 709.7 PSF 
failure Coordonate5 )!( 
Stress Q,rference Method 
p ' 
a3. 4 (8. 9 
76. 0 (3. 2 
60. 9 33. ( 
105. 5 56. 0 
as. a 0.9 










0 10 20 30 40 SO 60 70 80 90 I 00 110 
EFFECTIVE 
PBAR Ips, I 
STRESS PATHS and 
187 



















+ " X 54 
.... 32. s" 
Fa.d~o~,.• Coor-d•natee X 
Str-••• Difference Method 
p • 
so. 1 29. a 
53. 3 29 . .t 
65. s 32. 3 
l20. 5 66. 6 
c' • 268. 2 !"SF 
-----Kf- FRILUfiE LINE 
oL---~--~~--~----~--~----~--~~--~--~--~~--~ 











STRESS PATHS and KF- FAILURE LINE 




•·· 2s. s· 
Fa1lu,.e Coord•notee )( 
Streea Dofference Method 
p • 





c' • 962.3 PSF 
-----Kf- FRILUfiE LINE 
0~--~--~=---~----~--~----~--~----~--~----~--~ 0 I 0 20 30 40 50 60 70 80 90 I 00 II 0 
EFFECTIVE 
PBAR lpsol 
STRESS PATHS and 
188 
KF- FA 1 LURE Ll NE 










fat lUI'S Coord1notos ):=( 
Stroes D1fforsn~o Mothod 
p ' 
70. 6 36 . .fo 
A 52 Sol, 2 33.9 
+ 53 . 49." 24. 8 
X 54 87. 2 43. 2 
•'•28.7° 
c'"' 320. I PSF 
-----Kr- FAILURE LINE 
oL---~----~--~~--~----~--~~--~~--~----~--~----~ 
0 10 20 30 . -40 50 60 70 80 90 100 110 
EFFECTIVE 
PBAA !psol 
STRESS PATHS and Kf"" FAILURE LINE 










"' 52 A S3 
+ Sl 
•·· 2a. a• 
Fo.11ur-o Coo1"'d1notoo )!( 
Strooo Oofforonco Method 
p ' 





o' • 259. 7 PSF 
----..:..Kr- FAILURE LINE 
o_L---~--~~--~~--~--~--~~--~--~~~~~--~--~ 0 10 20 30 40 SO 60 70 80 90 100 II 0 
EFFECTIVE 
PBAA Ipso J 
STRESS PATHS and 
189 
KF- FAILURE LINE 










•·· 21. o" 
c'., 1185.1 PSF 
Fotlure Coord1no.tou )( 
Stress Dtfference Method 
p • 
88.3 47.6 
103. I 53.8 
120.8 62.3 
----- Kt- FAILUFIE LINE 
0~--~----~~~~----~----~----~----~----~--~----~----~ 
0 20 40 60 80 100 120 140 160 180 200 
EFFECTIVE 
PBRR (ps 1 J 
STRESS PATHS and Kp- FAILURE LINE 
220 















c'., 776. 2 PSF 
Fo.o lur-e Coordonates )!( 
Str••• Dofterence Method 
p ' 
64. 1 3{.5 
8 ... 8 35. 5 
92.5 45. s 
----- Kt- FAILUAE LINE 
oL---~----~----L---~----~----~----L---~----~--~~--~ 
0 10 20 30 40 so 60 70 80 90 100 110 
EFFECTIVE 
PBRR (psol 
STRESS PATHS and 
190 
Kp- FAILURE LINE 
0 
" 











Fculur• Coordona.t111111 X 





a'., 1013.4 PSF 
-----Kt- FRIL.URE LINE 
0~--~----~-----L----~--~~--~L---~----~-----L-----L----~ 
0 10 20 30 
EFFECTIVE 
40 so 60 
PBAR lpsol 
STRESS PATHS and 
70 60 90 
K,- FA I LURE LINE 













••. 2s. s• 
o'., 401. 9 PSF 
Ftu !1.11"111 Coaf"dlna.t•• X 
Str••• Doff•r•nc• Hethod 
p 0 
54.1 29.6 
63. 5 31. I 
18.3 39.8 
----- Kt- FAILURE LINE 
100 110 
oL----L----~---L--~~--~----?---~----~--~----~--~ 
0 10 20 30 40 50 60 70 BO 90 100 110 
EFFECTIVE 
PBRA Ipso I 
STRESS PATHS and 
191 














ill'. 27. 5° 
c' 2 335.3 PSF 
feu lure Coordinate,; ):!( 
Stress Oolference Hethod 
p Q 
61. 2 31. 3 
45. 2 23. 0 
6~. 1 30. 6 
!!l. 9 so. 8 
92. 4 H.9 
----- Kt· FIHLURE LINE 
o_L---~--~~---L----~---L----~--~~--~--~----~--~ 
0 10 20 30 40 SO 60 70 BO 90 100 110 
EFFECTIVE 
PBAR Ips, I 
STRESS PATHS and KF- FA I LURE Ll NE 


















"' " • 52 
+ 
" 
•·· 21. z"' 
.·. 39.9 PSf 
fn1lura Coordlnntt~a )!( 
Stroaa D1ller•nca "•thod 
p Q 
38. 8 19.9 
47, 3 21. 4 
59. 7 27. 5 











40 so 60 
PBAR Ips' I 
STRESS PATHS and 
192 
70 BO 90 100 
KF- FAILURE LINE 
110 
0 












+ " X 52 
••• 27.8° 
Q II 576.0 PSF 
Fa.!IUI"O Coo,.o:hnatoo )!( 
Streeo Dtfference Hothad 
p • 
so.4 .-s.o 
68. 9 36. I 
121. D 60. 3 
85. 4 







0 10 20 30 -40 50 60 70 80 90 100 
EFFECTIVE 
PBAA lps1 J 
STRESS PATHS and KF- FAILURE LINE 







w' ~ 2e. 0 0 
c' • 92.3 ?Sf 
Fe" ]Ur"c Cocrdonates )!( 
Strcss Difference Method 
p • 
ll3. 8 30. ! 
61. B 29. 0 
s 1. a H.6 
90. 0 41. 9 
72. t 36. B 
----- Kt- FAILUAE LINE 
110 
0~--~----~--~~--~~--~~~~--~----~--~~--~~--~ 0 I 0 20 30 40 50 60 70 80 90 100 II 0 
EFFECTIVE 
PBAA lps1 J 





























TRIAXIAL TEST: KOPE 112-ll LOW COMPACTION 
"' " • S5 
+ " X 52 
.... 28- •• 
. ·. 27. I P5f 
F1:111luro Coordinates )!( 









-----Kf- FAILURE LINE 
~ 
~~~~~~~~~~~~~ 
10 20 30 
EFFECTIVE 
40 50 60 
PBAR Ips il 
STRESS PATHS and 
eo 90 
KF- FAILURE LINE 
100 110 
TRIAXIAL TEST: CARS ORCHARD 11-1 J MODIFIED COMPACTION 




Follure Coordonotes ;t!( 







----- Kt- FAILURE LJNE 
o----~--~~--~----~--~----~--~----~--~----~---" 0 10 20 30 40 50 60 70 80 90 100 110 
EFFECTIVE 
PBAR (ps 1 I 
STRESS PATHS and 
194 
KF- FAILURE LINE 









Fa.lluro Ccuordtnatee )( 




• 52 51.8 
+ 53 56. 4 
X 54 69. 3 
.... 23.9 8 
c'" 768, 4 PSF 





0 10 20 30 -40 50 so 
EFFECTIVE 
PBAR !psol 
STRESS PATHS and 
70 eo 90 100 
KF- FAILURE LINE 

















•.• 24.2 8 
.·. 571. 9 PSF 
Failure Coor"dtnatee )( 











10 20 30 
EFFECTIVE 
40 50 60 
PBAR lpsol 
STRESS PATHS and 
195 
70 eo 90 100 
Kp- FAILURE LINE 
110 
110 












F~~ooluro l:oordona.too ):( 







----- Kt- FAILURE LINE 














STRESS PATHS and KF- FAILURE LINE 
TRIAXIAL TEST: NEHMAN 119-11 STANDARD COMPACTION 
0 
" 




o' • 932. 2 PSF 
fa•lur-o Coo!"'d1nateo )!( 
Strooo D•tforonco Method 
p ' 
49. a 24. 4 
45. B 23. 7 
73. 1 32. 6 
66. 9 33. 9 
49.0 24. 5 
----- Kt- FAILURE LINE 
o_~--~--~~--~--~~--~---4~--~----~--~~--~--~ 
0 10 20 30 40 50 60 70 80 90 100 110 
EFFECTIVE 
PBAR Ips 1) 
STRESS PATHS and 
196 
KF- FA I LURE Ll NE 



















. ·. 764.5 PSF 
faoolur-e t:oordonatoo )!( 










10 20 30 
EFFECTIVE 
40 50 60 
PBAR !psol 
STRESS PATHS and 
197 
70 80 90 











Fa11ure C:oor~h,.o.te• ):!( 
Str••• Ratto Method 
p • 
80. I 62. 2 
86. 4 68. 6 
98.8 75.5 
.... 43.7° 
c'"' 1535.9 PSF 
___ J<f- FAILURE LINE 
oL-~~~~--~~~~~~~~~~-= 







PBAA I ps.1 I 
STRESS PATHS and KF- FAILURE LINE 
TRIAXIAL TEST: NE~ ALBANY 12-1 I STANDARD COMPACTION 
Fo.•lvre Coordonates p( 




59. 0 (2. I 
so.s 37.5 
ill': .tO. 7° 
c : 790,! PSF 








10 20 30 
EFFECTIVE 
40 so 60 
PBAA lps1l 
STRESS PATHS and 
200 
80 90 100 110 
KF- FAILURE LINE 
APPENDIXG 
TRIAXIAL TEST RESULTS 








TRIAXIAL TEST: HANCE 113-1) STANDARD COMPACTION 
Failut"e Coord1natee )( 
Streee Rot•o Hethod 
' ' 
-d6. 2 25.7 
58.7 29.9 
31. 6 19. 3 
55. 5 33. I 
46.4 26.5 
61.9 37.7 
109. 4 59. 6 
.... 31. 7" 
c:'"' 498. 5 PSF 







c"-----~----~----~----~----~----~~~~----~--~~----~-----" 0 10 20 30 40 50 60 . 
EFFECTIVE 
PBAR Ips tl 
STRESS PATHS and 
70 eo 90 
Kr FAILURE LINE 










e' • 507. 6 PSF 
Fa,o lure Cool"d1natee 
Str-eee Rat 10 Hethod 
' ' 
21. I 13. I 
26.9 14.9 
34.5 19.2 
_______ IKf- FAILURE LINE 
100 110 
cL---"-~~~~~~~~~~~~--~-7, 
0 10 20 30 40 so 60 70 80 90 100 110 
EFFECTIVE 
PBAR !pstl 
STRESS PATHS and 
202 






TRIAXIAL TEST: NEW ALBANY 12-ll 
¢1'~ 37.6° 
c' ~ 302.9 PSF 
Feu lure Caordtnate• 
Str~ss Rot o o Method 
p ' 
26.0 18.0 
15. 2 12. 9 
IS. 3 II. 0 
___ Kf- FAILURE LINE 
LOW COMPACTION 
o~L----L--~L---~--~~--~~--L----4----L----L----~---" 
0 10 20 30 40 50 60 
EFFECTIVE 
PBAR I psll 
STRESS PATHS and 
70 60 90 100 
K,- FAILURE LINE 








.... 27. ol 0 
fg.tJur• Coordo"ot•• 
Str••• Ratto K•thod 
p ' 
53.4 33.5 
85. 2 40. I 
80,0 45.9 
c'• 1511.3PSF 
----'Kt- FAILURE LINE 
110 
0 oL_ ___ ILo-----2o~---3~o-----.~o~--~s~o---~soL---~7~o----~s~o---~so~--~~~o~o--~110 
EFFECTIVE 
PBAR I psll 
STRESS PATHS and 
20.1 






TRIAXIAL TEST: DRAKES 13-ll MaDJFIED CaMPACTIQN 




Folluru Coord1natau )!( 




120.3 li4. s 
117.5 SI.B 
o'• 1114.0 PSF 
-----Kt- FAILURE LINE 










PBAR ( ps o I 
STRESS PATHS and K,- FAILURE LINE 
TRIAXIAL TEST: DRAKES 13-1 l STANDARD CaMPACT ION 
0 
~ 
0 •.• , ...... 
Fo111.rra Coordtnotaa 











tn o' • 401.5 PSF 







0 10 20 30 40 50 60 70 80 90 100 110 
EFFECTIVE 
PBAR Ipso I 
STRESS PATHS and 
203 




















TRIAXIAL TEST: DRAKES 13-1 l LOW COMPACTION 
•·· 34. o• 
F11tlure C<!Ordtnatoo 







c'., 200. 8 PSF 
____ IKt- fR I LURE LINE 
20 30 
EFFECTIVE 
40 50 60 
PBRA lps1 l 
STRESS PATHS and 
BO 90 
KF- FAILURE LINE 
TRIAXIAL TEST: NANCY 117-41 MODIFIED COMPACT!CN 
••• 25.11° 
Fo•lure Coord+na.too 





o' • 964. 8 PSF 
----"f- FAILURE LINE 
)( 
100 110 
o.L---~----~----L---~----~----~--~----~----~--~----~ o 1 o 20 30 40 so so 10 eo so 1 oo 11 o 
EFFECTIVE 
PBRA Ips il 
STRESS PATHS and 
204 





TRIAXIAL TEST: NANCY 117-41 STANDARD COMPACT IDN 
••• 29.5° 
Faolure Coordtnates 









o'" 500. 2 !"SF 


















PBAR lps1 l 
STRESS PATHS and K,- FA I LURE Ll NE 
TRIAXIAL TEST: NANCY 117-41 LOW COMPACTION 
Faolu,.e Coordono.tee ~ 




40. 0 22. 4 
t' • 29.0° 
o' • 209. 0 PSF 








o 10 20 3o 40 so so 10 eo so too tto 
EFFECTIVE 
PBAR lps1l 
STRESS PATHS and 
205 
Kp- FA I LURE Ll NE 
0 
• 
~ TRIRXIRL TEST: !lSG!l!lD !2D-1 l M!lDJFIED C!lMPRCTI!lN 
0 
N 
Ill'~ 27. 0 .. 
"• 1168.4 PSF 
Fatlur-e Coor-donatou; 



















PBAR ! ps ll 
STRESS PATHS and Kp- FAILURE LINE 
TRIRXIRL TEST: !lSGD!lD !20-1 I STANDARD C!lMPRCTI!lN 
Failure Coor-donole!O )!( 
Stress Ratoo llethod 
' a 




c • 776, 2 PSF 









0 10 20 30 40 so 60 70 80 90 100 110 
EFFECTIVE 
PBAR ! ps, I 
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